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Preface

Following the two damaging California earthquakes in also provides guidance for the repair of damaged

1989 (Loma Prieta) and 1994 (Northridge), many components.

concrete wall and masonry wall buildings were repaired

using federal disaster assistance funding. The repairs The project also involved a workshop to provide an
were based on inconsistent criteria, giving rise to opportunity for the user community to review and
controversy regarding criteria for the repair of cracked comment on the proposed evaluation and repair criteria.
concrete and masonry wall buildings. To help resolve The workshop, open to the profession at large, was held
this controversy, the Federal Emergency Management in Los Angeles on June 13, 1997 and was attended by
Agency (FEMA) initiated a project on evaluation and 75 participants.

repair of earthquake-damaged concrete and masonry

wall buildings in 1996. The project was conducted The project was conducted under the direction of ATC
through the Partnership for Response and Recovery Senior Consultant Craig Comartin, who served as Co-
(PaRR), a joint venture of Dewberry & Davis of Principal Investigator and Project Director. Technical
Fairfax, Virginia, and Woodward-Clyde Federal and management direction were provided by a
Services of Gaithersburg, Maryland. The Applied Technical Management Committee consisting of

Technology Council (ATC), under subcontract to PaRR, Christopher Rojahn (Chair), Craig Comartin (Co-
was responsible for developing technical criteria and Chair), Daniel Abrams, Mark Doroudian, James Hill,
procedures (the ATC-43 project). Jack Moehle, Andrew Merovich (ATC Board
Representative), and Tim McCormick. The Technical
The ATC-43 project addresses the investigation and Management Committee created two Issue Working
evaluation of earthquake damage and discusses policyGroups to pursue directed research to document the
issues related to the repair and upgrade of earthquake-state of the knowledge in selected key areas: (1) an
damaged buildings. The project deals with buildings  Analysis Working Group, consisting of Mark Aschheim
whose primary lateral-force-resisting systems consist of(Group Leader) and Mete Sozen (Senior Consultant)
concrete or masonry bearing walls with flexible or rigid and (2) a Materials Working Group, consisting of Joe
diaphragms, or whose vertical-load-bearing systems Maffei (Group Leader and Reinforced Concrete
consist of concrete or steel frames with concrete or ~ Consultant), Greg Kingsley (Reinforced Masonry
masonry infill panels. The intended audience is design Consultant), Bret Lizundia (Unreinforced Masonry
engineers, building owners, building regulatory Consultant), John Mander (Infilled Frame Consultant),
officials, and government agencies. Brian Kehoe and other consultants from Wiss, Janney,
Elstner and Associates (Tests, Investigations, and
The project results are reported in three documents. Th&epairs Consultant). A Project Review Panel provided
FEMA 306 reportEvaluation of Earthquake Damaged technical overview and guidance. The Panel members
Concrete and Masonry Wall Buildings, Basic were Gregg Borchelt, Gene Corley, Edwin Huston,
Procedures Manuabrovides guidance on evaluating  Richard Klingner, Vilas Mujumdar, Hassan Sassi, Carl
damage and analyzing future performance. Included in Schulze, Daniel Shapiro, James Wight, and Eugene
the document are component damage classification  Zeller. Nancy Sauer and Peter Mork provided technical
guides, and test and inspection guides. FEMA 307,  editing and report production services, respectively.
Evaluation of Earthquake Damaged Concrete and Affiliations are provided in the list of project
Masonry Wall Buildings, Technical Resourcesntains participants.
supplemental information including results from a
theoretical analysis of the effects of prior damage on  The Applied Technology Council and the Partnership
single-degree-of-freedom mathematical models, for Response and Recovery gratefully acknowledge the
additional background information on the component cooperation and insight provided by the FEMA
guides, and an example of the application of the basic Technical Monitor, Robert D. Hanson.
procedures. FEMA 308he Repair of Earthquake
Damaged Concrete and Masonry Wall Buildings Tim McCormick
discusses the policy issues pertaining to the repair of PaRR Task Manager
earthquake-damaged buildings and illustrates how the
procedures developed for the project can be used to  Christopher Rojahn
provide a technically sound basis for policy decisions. It ATC-43 Principal Investigator
ATC Executive Director
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Prologue

This document is one of three to result from the ATC-43
project funded by the Federal Emergency Management

seismic performance. This approach models the
building as an assembly of its individual

Agency (FEMA). The goal of the project is to develop

technically sound procedures to evaluate the effects of

earthquake damage on buildings with primary lateral-
force-resisting systems consisting of concrete or
masonry bearing walls or infilled frames. They are
based on the knowledge derived from research and
experience in engineering practice regarding the
performance of these types of buildings and their
components. The procedures require thoughtful
examination and review prior to implementation. The

ATC-43 project team strongly urges individual users to ¢

read all of the documents carefully to form an overall

understanding of the damage evaluation procedures and

repair techniques.

Before this project, formalized procedures for the
investigation and evaluation of earthquake-damaged
buildings were limited to those intended for immediate
use in the field to identify potentially hazardous
conditions. ATC-20Procedures for Postearthquake
Safety Evaluation of Buildingand its addendum, ATC-
20-2 (ATC, 1989 and 1995) are the definitive
documents for this purpose. Both have proven to be
extremely useful in practical applications. ATC-20
recognizes and states that in many cases, detailed
structural engineering evaluations are required to

investigate the implications of earthquake damage and
the need for repairs. This project provides a framework

and guidance for those engineering evaluations.

What have we learned?

The project team for ATC-43 began its work with a
thorough review of available analysis techniques, field
observations, test data, and emerging evaluation and
design methodologies. The first objective was to
understand the effects of damage on future building
performance. The main points are summarized below.

» Component behavior controls global
performance.

Recently developed guidelines for structural

engineering seismic analysis and design techniques
focus on building displacement rather than forces as

the primary parameter for the characterization of

components. Force-deformation properties (e.qg.,
elastic stiffness, yield point, ductility) control the
behavior of wall panels, beams, columns, and other
components. The component behavior, in turn,
governs the overall displacement of the building and
its seismic performance. Thus, the evaluation of the
effects of damage on building performance must
concentrate on how component properties change as
a result of damage.

Indicators of damage (e.g., cracking,
spalling) are meaningful only in light of the
mode of component behavior.

Damage affects the behavior of individual
components differently. Some exhibit ductile modes
of post-elastic behavior, maintaining strength even
with large displacements. Others are brittle and lose
strength abruptly after small inelastic
displacementsThe post-elastic behavior of a
structural component is a function of material
properties, geometric proportions, details of
construction, and the combination of demand
actions (axial, flexural, shearing, torsional) imposed
upon it. As earthquake shaking imposes these
actions on components, the components tend to
exhibit predominant modes of behavior as damage
occurs. For example, if earthquake shaking and its
associated inertial forces and frame distortions
cause a reinforced concrete wall panel to rotate at
each end, with in-plane distortion, statics defines the
relationship between the associated bending
moments and shear force. The behavior of the panel
depends on its strength in flexure relative to that in
shear. Cracks and other signs of damage must be
interpreted in the context of the mode of component
behavior. A one-eighth-inch crack in a wall panel on
the verge of brittle shear failure is a very serious
condition. The same size crack in a flexurally-
controlled panel may be insignificant with regard to
future seismic performance. This is, perhaps, the
most important finding of the ATC-43 project: the
significance of cracks and other signs of damage,
with respect to the future performance of a building,
depends on the mode of behavior of the components
in which the damage is observed.

FEMA 308
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Prologue

Damage may reveal component behavior
that differs from that predicted by evaluation
and design methodologies.

When designing a building or evaluating an

smaller event would have occurred early in the
subsequent, larger event anyway.

What does it mean?

undamaged building, engineers rely on theory and The ATC-43 project team has formulated performance-
their own experience to visualize how earthquakes paseq procedures for evaluating the effects of damage.
will affect the structure. The same is true when they These can be used to quantify losses and to develop

evaluate the effects of actual damage after an
earthquake, with one important difference. If
engineers carefully observe the nature and extent o
the signs of the damage, they can greatly enhance ,
their insight into the way the building actually
responded to earthquake shaking. Sometimes the
actual behavior differs from that predicted using
design equations or procedures. This is not really
surprising, since design procedures must account
conservatively for a wide range of uncertainty in
material properties, behavior parameters, and
ground shaking characteristics. Ironically, actual
damage during an earthquake has the potential for
improving the engineer’s knowledge of the behavior
of the building. When considering the effects of
damage on future performance, this knowledge is
important.

Damage may not significantly affect
displacement demand in future larger
earthquakes.

One of the findings of the ATC-43 project is that
prior earthquake damage does not affect maximum ,
displacement response in future, larger earthquakes
in many instances. At first, this may seem illogical.
Observing a building with cracks in its walls after an
earthquake and visualizing its future performance in
an even larger event, it is natural to assume that it is
worse off than if the damage had not occurred. It
seems likely that the maximum displacement in the
future, larger earthquake would be greater than if it
had not been damaged. Extensive nonlinear time-
history analyses performed for the project indicated
otherwise for many structures. This was particularly
true in cases in which significant strength
degradation did not occur during the prior, smaller
earthquake. Careful examination of the results
revealed that maximum displacements in time
histories of relatively large earthquakes tended to
occur after the loss of stiffness and strength would
have taken place even in an undamaged structure. In
other words, the damage that occurs in a prior,

repair strategies. The application of these procedures
Pas broad implications.

Performance-based damage evaluation uses
the actual behavior of a building, as
evidenced by the observed damage, to
identify specific deficiencies.

The procedures focus on the connection between
damage and component behavior and the
implications for estimating actual behavior in future
earthquakes. This approach has several important
benefits. First, it provides a meaningful engineering
basis for measuring the effects of damage. It also
identifies performance characteristics of the
building in its pre-event and damaged states. The
observed damage itself is used to calibrate the
analysis and to improve the building model. For
buildings found to have unacceptable damage, the
procedures identify specific deficiencies at a
component level, thereby facilitating the
development of restoration or upgrade repairs.

Performance-based damage evaluation
provides an opportunity for better allocation
of resources.

The procedures themselves are technical
engineering tools. They do not establish policy or
prescribe rules for the investigation and repair of
damage. They may enable improvements in both
private and public policy, however. In past
earthquakes, decisions on what to do about damaged
buildings have been hampered by a lack of technical
procedures to evaluate the effects of damage and
repairs. It has also been difficult to investigate the
risks associated with various repair alternatives. The
framework provided by performance-based damage
evaluation procedures can help to remove some of
these roadblocks. In the long run, the procedures
may tend to reduce the prevailing focus on the loss
caused by damage from its pre-event conditions and
to increase the focus on what the damage reveals
about future building performance. It makes little

Xii
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sense to implement unnecessary repairs to buildings seismic and structural design procedures. These will
that would perform relatively well even in a take some time to be assimilated in the engineering
damaged condition. Nor is it wise to neglect community. The same is true for building officials.
buildings in which the component behavior reveals Seminars, workshops, and training sessions are
serious hazards regardless of the extent of damage. required not only to introduce and explain the
procedures but also to gather feedback and to

« Engineering judgment and experience are improve the overall process. Additionally, future
essential to the successful application of materials-testing and analytical research will
the procedures. enhance the basic framework developed for this
project. Current project documents are initial
ATC-20 and its addendum, ATC-20-2, were editions to be revised and improved over the years.

developed to be used by individuals who might be

somewhat less knowledgeable about earthquake In addition to the project team, a Project Review Panel
building performance than practicing structural has reviewed the damage evaluation and repair
engineers. In contrast, the detailed investigation of procedures and each of the three project documents.
damage using the performance-based procedures oflhis group of experienced practitioners, researchers,
this document and the companion FEMA 306 report regulators, and materials industry representatives
(ATC, 1998a) and FEMA 307 report (ATC, 1998b) reached a unanimous consensus that the products are
must be implemented by an experienced engineer. technically sound and that they represent the state of
Although the documents include information in knowledge on the evaluation and repair of earthquake-
concise formats to facilitate field operations, they = damaged concrete and masonry wall buildings. At the
must not be interpreted as a “match the pictures” same time, all who contributed to this project

exercise for unqualified observers. Use of these acknowledge that the recommendations depart from
guideline materials requires a thorough traditional practices. Owners, design professionals,
understanding of the underlying theory and building officials, researchers, and all others with an
empirical justifications contained in the documents. interest in the performance of buildings during
Similarly, the use of the simplified direct method to earthquakes are encouraged to review these documents
estimate losses has limitations. The decision to use and to contribute to their continued improvement and
this method and the interpretation of the results mustenhancement. Use of the documents should provide

be made by an experienced engineer. realistic assessments of the effects of damage and
valuable insight into the behavior of structures during
« The new procedures are different from past earthquakes. In the long run, they hopefully will
damage evaluation techniques and will contribute to sensible private and public policy
continue to evolve in the future. regarding earthquake-damaged buildings.

The technical basis of the evaluation procedures is
essentially that of the emerging performance-based

FEMA 308 Repair of Earthquake Damaged Concrete and Masonry Wall Buildings Xili
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1 Introduction

1.1 Purpose 2. The formulation of these parameters in terms of the
_ _ _ anticipated seismic performance of buildings in
The purpose of this document is to present practical their pre-event, restored, and upgraded conditions

guidance for the repair and upgrading of earthquake- . . N
damaged buildings with primary lateral-force-resisting S: 1€ process of evaluating anticipated seismic per-
systems consisting of concrete bearing walls, masonry ~ formance to decide whether to accept, restore, or
bearing walls, or infilled frames. The guidance consists ~ UPgrade earthquake-damaged buildings

of a policy framework for facilitating the determination 4. The development of repair strategies to meet perfor-

of the appropr.iate scope of repair or upgradi_ng mance goals

measures. This document also includes outlines of . ) .

specific repair techniques that can address the 5. Specific repair techniques to address damaged
component damage common to these buildings. The structural components in concrete and masonry wall

criteria and procedures are based on the evaluation of ~ buildings

the anticipated seismic performance of a subject

building at three different times: in its condition 1.3 Basis

immediately before the damaging earthquake (pre-

event), in its damaged condition, and in its repaired or The policy framework and repair techniques in this
upgraded condition. This document may be used as a document are based on the evaluation of the effects of
technical resource to facilitate the settlement of earthquake damage on the anticipated future
insurance claims, the development of policy and performance of building&=EMA 306: The Evaluation
strategy for repair, or other appropriate purposes. The of Earthquake-Damaged Concrete and Masonry Wall
intended users of the document are design engineers, Buildings — Basic Procedures Man{AlrC, 1998a)
building owners, building officials, insurance adjusters, documents the performance-based evaluation

and government agencies. procedures. The procedures and criteria in FEMA 306
address:

1.2 Scope 1. The investigation and documentation of damage

This document is one of several to result from a caused by earthquakes

research project on the evaluation and repair of 2. The classification of the damage for building com-

earthquake-damaged concrete and masonry wall ponents according to mode of structural behavior

buildings. Concrete and masonry wall buildings include and severity
those with vertical-load-bearing wall panels, with and

without intermediate openings. In this document, 3. The evaluation of the effects of the damage on the
concrete and masonry wall buildings also include those ~ Performance of the building during future earth-
with vertical-load-bearing frames of concrete or steel quakes

that incorporate masonry or concrete infill panelsto 4. The development of hypothetical measures that

resist horizontal forces. The specific recommendations would restore the performance to that of the undam-
for repair technologies developed for this project aged building

primarily address the type of damage normally _ .
encountered in concrete and masonry wall buildings; FEMA 307: The Evaluation of Earthquake-Damaged

however, the policy framework developed in this Concrete and Masonry Wall Buildings — Technical
document applies to buildings in general without regard R€SOUrce$ATC, 1998b) provides supplemental data
to structural system. that facilitates use of the FEMA 306 procedures. The

evalqation procedures build, to the extent possible, on
The guidance on policies and techniques for repair of €Xisting performance-based procedures in the FEMA
earthquake damage in this document addresses: 273 and FEMA 274 reportSlEHRP Guidelines for the
Selsmlc.Rehabllltanon of Building&TC, 1997a), and
1. The parameters normally considered in decisions companiorCommentarfATC, 1997b) and the ATC-40
on the scope of repair or upgrading for buildings replor.t,Selsmlc Evaluation a_nd Retroflt of Concrete
damaged by earthquakes Buildings(ATC, 1996). The intention is to document

FEMA 308 Repair of Earthquake Damaged Concrete and Masonry Wall Buildings 1



Chapter 1: Introduction

and adapt the existing state of knowledge rather than tdo both public policy agencies and private-sector

develop completely new techniques. This approach alsduilding owners to facilitate the use of the performance-

contributes to consistency of language, nomenclature, based framework.

and technical concepts among emerging procedures

intended for use by structural engineers. Finally, Chapter 4 discusses the implementation of
repairs. Although conventional prescriptive approaches

As a part of the research program for FEMA 306, 307 are acceptable alternatives in many simple cases, the

and this document (FEMA 308), two issues working  use of performance-based standards is recommended

groups focused on the key aspects of adapting and  for general application. Typical repairs are categorized

enhancing the existing technology to the evaluation andaccording to their intended objective. Outline

repair of earthquake-damaged buildings. The general specifications for repairs typically applied to concrete

scope of work for each group is outlined in FEMA 307. and masonry wall buildings are tabulated.

The scope of work for the Materials Working Group

included the review and summary of repair techniques . .

for concrete and masonry wall buildings. The group 1.5 Limitations

reviewed experimental and analytical research reports, The policy framework for repair presented in this

technical papers, standards, manufacturers’ document incorporates parameters related to the
specifications, and practical example applications performance characteristics of individual buildings, the
relating to the repair of damage in concrete and shaking severity of the damaging event, performance
masonry walls and infill panels. The primary interest  gpiactives for future events, thresholds for restoration
was the repair of earthquake damage to structural and upgrading, and others. Policy decisions include the
components. The review focused on materials and  ggjection of specific limits or values for some of these
methods of installation and tests for assessing the parameters. This document is not intended to
effectiveness of repair techniques for cracking, ecommend policy for the repair or upgrading of

crushing, and deterioration of concrete or masonry; an uildings beyond the use of the generic framework.
yielding, fracture, and deterioration of reinforcing steel. gpecific limits or values for controlling parameters are
Based on the review, practical guidelines for damage 4t recommended in this document. In some cases,
repair were developed and are contained in this examples are used for illustration. These should not be
document (FEMA 308). These guidelines consist of  ¢onstrued by the user as policy recommendations.
outline specifications for equipment, materials, and

procedures required to execute the repairs as well as - parthquakes can cause damage to both the structural
criteria for quality control and verification of field and the nonstructural components of buildings. This
installations. The efficacy and advisability of various  45cument addresses structural damage. The direct

techniques are discussed in relation to the objective of ¢\ 4)yation of nonstructural damage is not included. The
restoring and supplementing the force-deformation effects of structural damage on potential future

behavior of individual components. nonstructural damage can be addressed indirectly by the
selection of appropriate seismic performance objectives

1.4 Document Overview for the evaluation procedure.

This document comprises three major parts. First, The termdamagewhen used in this document, refers to

background material on repair of earthquake-damaged the damage suffered during the damaging earthquake by
buildings is summarized in Chapter 2. This consists of the building in its existing condition immediately before
some discussion of experiences of communities after the earthquake. It is important to note that prior effects
recent past earthquakes. The result is the identification of environmental deterioration, service conditions, and
of some common issues and parameters for earthquak@revious earthquakes are considered to be pre-existing
repair policies and procedures, as well as some conditions and not part of the damage to be evaluated.
technical impediments to the overall process.

The procedures and criteria for evaluating and repairing

Chapter Jriefly reviews the performance-based damage in this document have been based on the
damage evaluation procedures of FEMA 306. It also  current state of the knowledge on nonlinear inelastic
introduces a policy framework based on building behavior of structures and structural components. This

performance parameters. Recommendations are offere@nowledge will expand over time. The evaluation

2 Repair of Earthquake Damaged Concrete and Masonry Wall Buildings FEMA 308



Chapter 1: Introduction

procedures and the information on component behaviordepend on the capability of the engineer, or engineers,
must be adapted appropriately to reflect new as opposed to the procedures and criteria themselves.
information as it becomes available.

In the past, other methodologies have been used to
The interpretation of damage as it relates to the evaluate buildings damaged in earthquakes and to
performance of buildings subject to earthquakes is design repairs. If the procedures and criteria of this
complex and requires experience and judgment. Thesedocument are applied retroactively to such buildings,
procedures and criteria provide a framework for an the results may be different. Any difference is not
engineer to apply experience and to formulate necessarily a reflection on the competence of the
judgments on the effects of earthquake damage on individual or firm responsible for the original work.
future performance. The validity of the results primarily This should be judged on the basis of the procedures

and criteria that were available at the time of the work.

FEMA 308 Repair of Earthquake Damaged Concrete and Masonry Wall Buildings 3
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2 Background

2.1 Introduction Francisco modified this section of the code to require

. _ _ _ that the building be upgraded to full compliance (at the
The effort to improve policy regarding the repair of 75% force level) when the repairs reach a certain
earthquake-damaged buildings benefits from threshold. The existing trigger in the San Francisco

observations on the recovery of communities after pastcode at the time of Loma Prieta required full
earthquakes. Recent experience in California and Japagompliance (at the 75% force level) when 30% of the
reflect recent recovery efforts in urban and suburban  structure was affected by the work. In practice, this
settings and a range of local damage intensities. Theseprovision has been extremely difficult to interpret and

observations lead to a synthesis of key policy apply (Holmes, 1994).

considerations. They also reveal major technical

challenges that must be met before policy can be Other cities implemented requirements for seismic
improved. upgrading based on a loss of lateral-load-carrying

capacity as a result of the damaging earthquake. In

: : Oakland, California, buildings damaged by the 1989
2.2 Experience in Recent Past Loma Prieta earthquake were required to be upgraded to
Earthquakes full compliance with the UBC if they lost a certain
percentage of their capacity. Buildings were divided
into two risk categories, relatively high and normal.
Those determined to have a high risk, based on type of
construction, size, and occupancy were required to be
brought into full compliance if they had lost more than
10% of their lateral-load-resisting capacity. Those in the
lower-risk group could lose 20% before full upgrade
was required. Exceptions to full compliance could be
issued by the building official for buildings of historical
significance and for those where the cost was
considered economically unfeasible. Nonetheless, these
exceptions still were required to conform to the 1973
UBC and the California State Historic Building Code,
where applicable.

In 1975, an earthquake in northern California severely
affected the small town of Oroville. Many buildings in
its downtown central business district were closed due
to damage. The situation also raised concern for the
safety of other buildings, particularly unreinforced
masonry (URM) buildings. With the assistance of
several engineers, the city council quickly passed an
ordinance allowing the reopening of buildings provided
that repairs designed by a civil or structural engineer
reduced risk to an acceptable level (Olson and Olson,
1992). These repairs did not need to comply with
current code requirements. The city also began to
develop criteria for evaluation and retrofit of all
buildings for seismic safety. Significant opposition from

the local business community soon materialized ,
: ' The town of Los Gatos, a small community located
however, because of economic concerns over the costs y

of repairs and mitigative actions. After a period of gﬂﬁﬂveﬂgkle?ut#:r:g 'gigﬁ;ﬁfetggnffz Lgﬂi&gﬁtato
intense political wrangling, the city council q ’ ge, p y

- : ; its historic area. Rather than adopt standards that would
defeated the proposal for evaluation and retioft, e @pplied toall types of builings and observed
' damaged conditions, Los Gatos developed policies
based on five categories of damaged buildings. These
included historic buildings, unreinforced masonry
buildings, older wood-frame dwellings, older

After the Loma Prieta earthquake of 1989, the city of
San Francisco relied primarily on the San Francisco

Building Code (City and County of San Francisco, . P .
1989) ags a stargdagld for repair Z\nd upgrading of commercial buildings of various types, and damaged

damaged buildings. The San Francisco code is based ofasonry chimneys (Russell, 1994). The URM buildings

. 0 o were required to be brought into compliance with a
the Uniform Building CoddUBC), which is prepared . . L
by the Internationa?Confgrence) of Building O?ﬁcials standard es_se_ntlally equwglent to Division 88 of the Los
; - Angeles Building Code (City of Los Angeles, 1985).
(ICBO). The UBC allows repairs or alterations to e 2 - . ;
existing structures so long as the repairs themselves This is a prescriptive model building ordinance directed

conform to the provisions of the code. Absentachangeat risk reduction performance for unreinforced masonry

in occupancy or other major change for the building, buildings. Damaged buildings other than the URM

there is no UBC requirement to upgrade the entire [0 ¥R STt B e o e 1o
building to the current provisions of the UBC. San q
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edition of the UBC. This was the current code in effect from “slight” to “collapse”. Procedures are provided to
in Los Gatos at the time of the earthquake. Further, thecategorize the degree of damage based on the damage

owner's engineer was allowed to prescribe repair or

strengthening only for those structural elements found

to have suffered damage. In effect, this policy was
consistent with the requirements for alterations and
repairs in théJniform Building Code

The city of Santa Cruz, located very close to the
epicenter of the 1989 Loma Prieta earthquake, also

observed in the field. The second factor determining the
degree of repair or upgrade required for the building is
the intensity of shaking in the vicinity of the building.
This is designated in accordance with the Japanese
Meteorological Agency intensity scale, which has five
levels of shaking intensity. This scale is qualitative and
similar to the Modified Mercalli Intensity scale used in
the United States. These guidelines recognize that the

suffered severe damage to its downtown area. The city level of repair or upgrade depends both on the amount
passed an ordinance requiring all damaged buildings toof damage and on the intensity of shaking to which the
meet the lateral-force requirements of the 1970 UBC. building was subjected. It differs from the approach of

the City of Oakland and others who established a loss-

Santa Clara County near San Jose allowed damaged of-capacity criterion that apparently applies regardless

URM buildings to be repaired by upgrading to the
requirements of their URM ordinance, which was
passed immediately after the 1989 Loma Prieta

Earthquake. Their requirements are similar to Division

88 in Los Angeles.

of the intensity of shaking.

2.3

All communities in past earthquakes addressed the
challenge of recovery and reconstruction their own

Basic Policy Considerations

Damage caused by the Northridge earthquake in 1994 4ys | spite of this, observations on these experiences

in southern California was greater overall and more

lead to several general conclusions and key

widespread than damage caused by the Loma Prieta  gnsiderations for future policy:

earthquake. Repair requirements varied by local
jurisdiction (CSSC, 1994). In the City of Los Angeles,
when the damage at a floor resulted in less than a ten
percent loss of capacity along any single line of
resistance, the damaged sections could be replaced with
the same construction. If the damage in any single line
of resistance exceeded 10% of capacity, all components
in the line were required to be brought into full code
compliance. If the total loss of capacity at any floor
exceeded 50%, the entire lateral-force-resisting system
of the entire floor had to be brought into full

compliance. Because of the technical difficulty in
interpreting these requirements, the recommendations
of individual engineers were accepted in most cases.

In 1991, the Japan Building Disaster Prevention
Association issued guidelines for the inspection and
restoration of earthquake-damaged buildings (Sugano,
1996). These guidelines were generally used in the
Kobe area following the earthquake in 1995. The

options for dealing with damaged buildings in these o

guidelines include acceptance of the building in its
damaged condition, repair to its pre-event condition,
strengthening to a level greater than its pre-event
condition, or demolition. The recommended action
depends on two factors. The first is the level of damage
that was sustained during the damaging event. There are
five classifications for the degree of damage ranging

The economic impact of earthquakes is a major fac-
tor in the implementation of policies for repair and
upgrading after an event. A damaging earthquake
presents particularly difficult and complex prob-
lems for individual building owners and the general
community. Owners may be confronted with large
repair costs along with a business downturn, both
caused by the earthquake. It is in the community's
long-term interest to require restoration or upgrad-
ing of damaged buildings to avoid similar or greater
losses in future earthquakes. In the short term, how-
ever, restrictive policies for repair can restrain vital
economic recovery. Effective policy to deal with

this situation is a balance of often-competing
imperatives including, for example, public safety,
private property rights, historic preservation, urban
planning, economic development, and ethical and
legal considerations.

There is a virtually complete lack of standards
directed toward the postearthquake repair of dam-
aged buildings. Most jurisdictions rely upon some
adaptation of an existing code or model building
ordinance for these guidelines. These adaptations
are developed after the event in a reactive manner
by city governments and engineers.

6 Repair of Earthquake Damaged Concrete and Masonry Wall Buildings
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3. The policies for specific buildings are related to
their occupancy and function. It seems reasonable
to hold important buildings to a somewhat higher
standard than others. The risk of failure associated
with damage in a hospital is greater than that for
single-family residences.

4. The vulnerability associated with different building
types is a factor. Older buildings or those with
structural systems known to pose greater risks dur-
ing earthquakes (e.g., URM) are often held to more
stringent requirements.

5. Insurance companies and agencies tend to measure
losses by comparing the damaged condition of
buildings to their pre-event condition. While this
policy limits the liability of the insurer, it does little
to reduce future losses, particularly for larger
events.

6. There is a tolerance for some amount of damage
during an earthquake. This seems logically to be
related to the intensity of shaking of the damaging
earthquake. If a building suffers a small amount of
damage in a small or moderate event, most commu-
nities are willing to accept this damage, or, at the
most, require that the building be brought back to
its previous condition. On the other hand, when
buildings suffer a large amount of damage in a
small or moderate event, the tolerance for accep-
tance of the restoration to the previous condition is
less. This attitude is related to the economic consid-
erations discussed above.

2.4 Technical Impediments

Experience from recent past earthquakes demonstrates
that technical improvement in engineering standards for
the evaluation and repair of buildings would enhance
and facilitate the recovery. Holmes (1994) summarized
the primary impediments to effective standards for the
evaluation and repair of earthquake damage. These are
consolidated and summarized as follows:

1. Lack of formalized methods for analyzing the real-
istic effects of earthquake shaking and resulting
damage on the performance of buildings and their
componentsTraditionally, the focus of structural
analysis and design has been on forces. This is due
to the fact that the most obvious structural demand
that most buildings face are their own weight and
the imposed vertical load. These are easily and

acceptably treated as static forces. Over the years, it
has become increasingly clear that the dynamic
loads imparted to buildings by earthquakes are fun-
damentally different from static loads. The magni-
tude of the demand depends on the weight and
stiffness of the building. Inevitably, the structure
yields to dissipate energy during an earthquake.
When it does, ductility, the ability to deform inelas-
tically without abrupt loss of strength, is a critical
capacity parameter. Stiffness, energy dissipation,
and ductility are all dependent on displacements, as
is damage.

Traditional analyses of forces assume linearly-
elastic structural response. Therefore, the global
demand is reduced and the allowable component
force capacities are increased to account indirectly
for inelastic behavior. The actual global
displacement of the structure and the distortion of
its components remain obscure, at best. Since
damage depends on the actual displacements, the
condition of the structure for a specific level of
force is very difficult to characterize. This can be
visualized by examining a typical inelastic capacity
curve for a building (see Figure 2-1). As the
structure begins to yield, the curve generally
flattens with respect to the displacement axis. In the
inelastic region, a small change in force can result
in a large change in displacement. This is a
fundamental improvement in analysis that is
currently emerging in engineering practice (ATC,
1996; 1997a,b).

The key to realistic evaluation of the effects of
earthquake damage on performance is a
methodology that focuses on displacements rather
than forces.

Limited information on the behavior of structural
components particularly on the effectiveness of
repairs, the relationship between repair techniques
and damage intensity, and the effects of local repair
on global behavioTraditional codes and structural
analysis techniques address structural component
behavior in the linear range. Little data on inelastic
behavior have been formally compiled from avail-
able research and test results. Observations of dam-
age (e.g., crack size and extent) to components have
not been related to changes in structural properties.
There are few standards for design and construction
related to the repairs normally used for damaged
structural components, nor are there readily avail-
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Figure 2-1 Sensitivity of displacement to changes in force

able data on the effect of repairs on structural prop-
erties.

The state of knowledge on component behavior
needs to be documented and augmented as
necessary to relate damage (and repair) to structural
performance.

3. Inadequate methods of measuring the significance
of damage with respect to future riskghen con-
sidering what to do with a building damaged by an
earthquake, a logical question is: “How does the
damage affect what will happen in a future earth-
guake?” Design codes and conventional engineer-
ing methodologies are prescriptive, and they do not

provide specific insight into seismic performance of
new or damaged existing buildings. The costs to
upgrade a damaged building to current code provi-
sions are rarely trivial. The implication of a com-
munity building department requirement for such
upgrade work is that the future consequences of
earthquakes to the community are worth the price.
Similarly, the decision by a building owner to
accept a damaged building without repair is tacit
acceptance of the future costs.

Effective earthquake repair policy and individual
decisions require better estimates of future seismic
performance.
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Performance-Based Policy Framework

3.

3.1

In practice, successful recovery after a damaging

condition. Earthquake damage can reveal significant
deficiencies in buildings. The risks associated with

the building in future earthquakes, even in a restored
earthquake depends on effective policies and a condition, might be too large. In this case, the repairs

cooperative effort between the private and public ~ are designed to improve the future performance and
sectors. The action to be taken on a damaged building is to reduce risks.

ultimately the responsibility of the owner. Normally,

however, the owner's options are constrained through Selecting among these basic alternatives for a damaged
building regulations intended to protect public safety  puilding requires consideration of all of the policy

and to reduce future economic losses. The experience ifssues outlined in Chapter 2. The decision process and
past earthquakes outlined in Chapter 2 suggests that  the alternatives themselves imply a capability to answer
policy planning for recovery in advance of earthquakes a fundamental technical question: How can the

might greatly improve the process. Such planning couldacceptability of a building’s anticipated earthquake
address key considerations encountered after past  performance be measured? A benchmark is needed to

earthquakes. The performance-based procedures for theompare the performance of the building in damaged,
evaluation of earthquake-damaged buildings presentedrestored, and upgraded states.

Introduction

in FEMA 306 and FEMA 307 can provide improved
technical information to facilitate both the planning and
recovery efforts. These procedures allow policies and

decisions to be fundamentally based on estimates of the

performance of damaged, restored, or upgraded
buildings.

3.2

There are a number of alternatives for dealing with a
building that has been damaged by an earthquake. For
the purposes of developing a policy framework to
facilitate the decision-making process, three alternative
are considered:

Basic Alternatives

Acceptthe building for continued use in its damaged
condition. Sometimes the damage is obviously
slight, implying that the building is only marginally
worse off than before the damaging earthquake. If
the damage is greater and the building seems more

prone to future damage, perhaps the occupancy can
be changed to reduce the risk and, at the same time

avoid repairs.

Restorethe building to its pre-event condition. It
seems logical to fix the damage that was done. In
fact, this is the traditional approach in the insurance
industry. The restored building would behave in
future earthquakes as it would have in its pre-event
condition. The risks would be no greater than before
the damaging event.

Upgradethe building to a condition of improved
seismic performance compared to its pre-event

S

3.3 Damage Evaluation

Procedure

There has been a tendency to attempt to gauge the effect
of earthquake damage by estimating the loss of lateral-
force-resisting capacity of the structure (Hanson, 1996).
It has been assumed that this loss can be related to the
observed width and extent of concrete and masonry
cracks in damaged shear-wall buildings, for example. In
reality, there is widespread disagreement on the effect
of cracking on capacity and skepticism on the suitability
of force capacity itself as a parameter for measuring
damage.

Recent progress in the development of performance-
based evaluation techniques allows a more meaningful
measurement of the effect of damage on concrete and
masonry wall buildings (FEMA 273/274, and ATC-40).
Performance-based procedures characterize the effects
of earthquake shaking on structures in terms of
displacement limit states. The adaptation of these
procedures to the evaluation of earthquake-damaged
buildings is presented in FEMA 306. The evaluation
procedure assumes that when an earthquake causes
damage to a building, a competent engineer can assess
the effects, at least partially, through visual inspection
augmented by investigative tests, structural analysis,
and knowledge of the building construction. By
determining how the structural damage has changed
structural properties, it is possible to compare
analytically the future performance of the damaged
building with that of the building in its undamaged
condition. It is also feasible to investigate the

FEMA 308
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effectiveness of potential measures to restore or upgrade
the damaged bu”ding- Global Damaged Pre-event (undamaged)
Force ‘T capacity capacity curve

3.3.1 Performance Objectives Parameter | curve
The proposed evaluation procedure is performance- Global
based; that is, it measures acceptability (and changes ir Displacement
acceptability caused by previous damage) on the basis -
of the degree to which the structure achieves one or d'd d, d  d
more performance levels for the hazard posed by one ofr d, = CEaSLtji;ne%teb;f dg;ggﬂiggﬂe%lggghgfglacement
more hypothetical future earthquakes. A performance _ ,
level typically is defined by a particular damage state e e o e evnt
for a building. Commonly-used performance levels, in 4' = Global displacement capacity for damaged
order of decreasing amounts of damage, are coIIapse ‘ structure for specified performance level
prevention, life safety, and immediate occupancy. d, =  Global displacement demand for pre-event
Hazards associated with future hypothetical structure for specified seismic hazard
earthquakes commonly are defined in terms of ground d'=  Global displacement demand for damaged
shaking amplitudes with a certain likelihood of being structure for specified seismic hazard
exceeded over a defined time period, or in terms of a
characteristic earthquake I|ke|y to occuron a given Figure 3-1 Capacity curves from nonlinear static
fault. The combination of a performance level and a procedures.
hazard defines a performance objective (ATC, 1996;
1997a, b).
3.3.2 Global Displacement

Parameters Building Damage
The performance-based procedures use structural ] ll( {
analysis methods that focus on realistic estimates of the
displacements of a building subjected to seismic ground L H \bf_,—L %&A[
motions. These nonlinear static procedures (NSPs) GF'gEfe' = = =
generate a plot, called a capacity curve (see Figure 3-1), Parameter —_— B
that relates a global displacement parameter (at the roqgf s’ \
level, for example) to the lateral force imposed on the \ chobal Global
structure. There are several available NSPs, and they capacity] ~ Displacement

X i . Limits, d
differ from one another in the technique used to curve >
estimate the maximum global displacemelgt for a (')Tg]egﬁée s;ﬁ C;g{'gﬁzin
given ground motion. The damage evaluation procedure paney yop
provided in FEMA 306 uses NSPs to compare a global Performance Levels
displacement capacity limit for a specific performance
level, d. (Figure 3-2), with a maximum global - _ —
Figure 3-2 Global displacement capacities, d ., for

displacement demand for a particular ground shaking
hazarddy (Figure 3-3). The ratio of the displacement
capacityd,, of the building for the specific performance
level to the displacement deman, for a specific behavior of the structure in its undamaged, damaged,
hazard is a measure of the degree to which the building?nd restored conditions is controlied by associated

component. The model for analysis of the building

3.3.3 Structural Components comprises an assembly of individual structural
components. The force-deformation characteristics for

The FEMA 306 evaluation method uses a model of the individual components are idealizations of

building composed of its structural components. The  representative hysteretic behavior under cyclic loading

various performance levels
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Pre-event Building
= g Force, F
O Performance a ?L?r‘il';bone
Earthquake M Actual hysteretic \
Time behavior
|_| A'A el Ll '
riginal Za
Pre event / v Performance | i >
Damage State i Deformation, D
- i
Damaged Building
d (a) Backbone curve from actual hysteretic
1 d’ behavior
0 Damaging d F,; Backbone E E
Earthquake curve cD B,C,D
|_| b, MM Time B C/ Idealized| B
Pre-event P Ttermediate ! I’ A' p;rformance behavior
State Damage State v Damage State (') D E
L | g
A D A E b A E D
Ductile Semi- ductile Brittle
Restored or Upgraded Building (deformation controlled) (force contolled)
g
O % ° (b) Idealized component behavior from
-] backbone curves
|_| Time
N
Pre-event N Relthorati n b Perfor wance | Figure 3-4 Structural component force-deformation
State Medslires. amage State () characteristics
Figure 3-3 Global displacement demand for building are calculated using component properties for

undamaged, damaged, and restored/

the pre-event conditiong{anddy). The structural
upgraded conditions P dC( d)

properties of the components then are modified to
reflect the effects of the observed damage using factors
conditions (Figure 3-4). For a given global contained in FEMA 306 supplemented by additional
displacement of a structure subjected to a given lateral information contained in FEMA 307. This allows the
load pattern, there is an associated deformation for eackvaluation of the global displacement parameters for the
of the structural components of the building. Since building in its damaged conditioid! and d;).

inelastic deformation indicates component damage,  |nformation also is provided to modify component

then the maximum global displacemedy, to occur properties to reflect the effects of repairs to restore or

during an earth_qu_ake_ represents a stru_ctural damage upgrade on global displacement parameldcﬂse(nd
state for the building in terms of inelastic deformations df) for the building.

for each of its components. The capacity of a given
structure for a given performance level is represented by

the maximum global displacemedy, at which the 3.4 Performance Capacity and
damage is on the verge of exceeding the limit for the Loss

specific performance level. For example, the collapse- _ _ o N
prevention capacity of a building might be the roof The ratios of globadlisplacement limits or capacities

displacement at which the associated damage would (d, d!, dCD) for a specific performance level to the

result in one or more of the column components being corresponding displacement demardjsd;,, ddD) fora

in danger of imminent collapse. specific seismic hazard define indices of measurement
(P, P, P* of the ability of an undamaged ( ), damaged

At the beginning of the evaluation process, the engineer) or restored or upgraded (*) building to meet a

identifies basic components and documents the damaggpecific performance objective (see Figure 3-1). These
to each. The global displacement parameters for the  jndices are:
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P=d./dy4 Pre-event performance index, b. An extreme case of component repair is
complete replacement. A severely damage wall
section might be completely removed and

P’=d’/d Restored or upgraded performance replaced with a similar or improved component.
index In some cases, this is the only alternative. In

If a performance index is less than one, the implication other cases, it may be an economic alternative.
is that the building in its undamaged (), damaged (), or  ¢. Performance can also be restored by the addition

P =d/d Damaged performance index,

repaired (*) state is not able to meet the specific of supplemental lateral-resisting elements or
performance obijective. If a performance index is 1.0 or components. Instead of repairing or replacing a
greater, the implication is that it can meet the objective. damaged section of wall, a new wall element
Note that these indices are always associated with a might be installed in another location.

specific performance objective. The same building may
have different performance indices for different
performance objectives.

The process of formulating performance restoration
measures involves developing a component-level
strategy that includes one, or a combination, of the three
alternatives. The measures are then tested by analyzing

The ratio of the damaged performance indxfo the the performance of the madified structure and adjusting

undamaged?, for a building for a specific performance . .
objective is a measure of the anticipated performance the Scope of the measures until the performance is
capacity of the damaged building relative to that for the 2PProximately the same as that of the pre-event building
building in its pre-event state. The loss in performance (P* =P).

capacity caused by damaging ground motion is: _
pactty y gngg The same basic strategy can be used to formulate

L=1-@/P) performance upgrade measures to provide the capacity
to meet the selected performance objecti®e=1.0).

3.5 Restoration or Upgrade
Procedure
The procedures of FEMA 306 include guidelines for

formulating repair measures to restore the damaged
building to its pre-event performance capability. If the

3.6 Relative Seismic Demand

Decisions regarding an appropriate policy for the
acceptance, restoration, or upgrade of earthquake-
damaged buildings, depend in part on the severity of the

-~ damaging event (Section 3.8). The severity of shaking is
performance capability of the structure for a selected a function of the magnitude of the damaging event as

performance objective is diminished by the effects of well as the epicentral distance and the amplification

earthquake damagP'(< P) the magnitude of the caused by site soils. The Modified Mercalli Intensity

economic loss is quantified by the costs of performancescale or other intensity scales can be useful in

trﬁs'{o_rfa_tlor} measturdes. Thl(ase arﬁ .hyfpct)thetma!c actions formulating a qualitative perspective of shaking severity
at, irimplemented, would result in Tuture periormance ¢, 5 specific building relative to others in the vicinity.

approximately equivalent to that of the undamaged Quantitative parameters include site peak ground

building (P* = P). Performance restoration measures  ycceleration and spectral acceleration at the period of
may take several different forms: the building.

a. Component restoration entails the repair of Displacement-based analysis procedures also can be
individual components to restore structural used to gauge the relative severity of ground motion
properties that were diminished as a result of the 4o and on specific buildings. FEMA 306 provides
earthquake damage. For example, cracks ina g igance on estimating the maximum displacenpt,
shear wall might be injected with grout to restore d by the d . d , ina th
component strength and stiffness. Outline cause_t y the arg?}?mg groun rgotlontgsmgft €

I , : capacity curve and the damage observations for a
fnpaesc(')frl]crst\'/sgﬁ gﬂr”gﬁgsgriﬁﬁ'&sugoer dc?nntcr:ieste and specific building. The capacity curve can also be used to
document in Chapter 4. estimate the maximum dllsplacemclent demalgdfor a

performance ground motioihe ratio,S, of the real
global displacementl,, caused by the damaging
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ground motion to the hypothetical displacement used to define global displacement limits for various
demanddy, for the performance ground motion is an  performance levels (e.g., immediate occupancy, life
index of relative displacement demand and is safety, collapse prevention). These are shown in
represented as: Figure 3-5 along the lower horizontal axis. The
combined plot provides a complete picture of the risks
S=d,/dq associated with the particular repair alternative.
The relative displacement demand provides an Global displacement demand for various repair

improved and unambiguous measure of the demand orglternatives can also be plotted versus a risk parameter
the building associated with the damaging earthquake &S Shown in Figure 3-@he intersection of a global

for several reasons. First, it is a measure that applies diSplacement capacity value, for a selected performance
directly to the specific building and site. Secondly, the €vel, with the corresponding displacement demand
basis of measurement, displacement, is a better index ofurve allows an estimate of the risk that the _
damage for buildings than acceleration. Finally, the ~ Performance level would be exceeded for a given repair
index is normalized relative to a defined performance alternative. Doing this for several repair alternatives, as
objective.

3.7 Relative Risk Seismic Hazard
(Ground Motion Probability of
. \ Exceedance in 50 yrs.)
The capacity curve for a pre-event (), damaged (), or
repaired (*) building allows one to estimate accimage \\
risk 20% \ Displacement demand
curves
10%-1
Restoration N
_— isk
Seismic Hazard Levels 0 nz N Damaged, d;
Global (chance of exceedance in 50 yrs.) Global pgrace, Restored, d
Force 200 10% 2% Displacement risk 2% T T Upgraded, u?g*
Parameter i A A g Demand , -
d, Damaged, d Global
Restored, d, Displacement, d
Upgraded, d*
ggﬂzg:dg%i (o)r Displacement capacities
repaired (*)
capacity curve
— 1 1 —p- Global Figure 3-6 Risk associated with damage
Immediate  Life ~ Collapse  Displacement acceptance, restoration, and upgrade for
occupancy safety prevention Capacity e T
A a specific performance objective
Performance Levels
shown in Figure 3-6, provides a comparison of the risks

Figure 3-5 Global displacement demands and associated with each alternative for the selected
capacities performance level. For example, suppose that the
performance level of interest is life safety. Figure 3-6
illustrates that the chance that the global displacement
displacement demands for various levels of seismic  demand would exceed the life safety capacity of the
hazard as shown in Figure 3-5. These may be generatedamaged structure is slightly higher than 20% in fifty
using nonlinear static procedures according to the years. Restoration of the structure to its pre-event
recommendations in FEMA 306, in conjunction with  condition would reduce the life safety risk to less than
the appropriate capacity curve. In Figure 3-5 these are 10%. The upgrade could reduce risk to just above 2% or

plotted on the upper horizontal axis noting their chanceapproximately ten times less than the damaged structure
of exceedance in 50 years. Component acceptability in this illustration.

criteria in conjunction with capacity curves also can be
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3.8 Thresholds for Restoration a building and any change in appropriate seismic
performance objectives. It makes little sense to
and Upgrade extend the Iife.of a build_ir_19 significantly without
The decision on an appropriate course of action (accept addressing seismic deficiencies.

damage, restore, or upgrade) for a specific building  gome of these factors governing decisions on

_damaged during an garthquake depends on a number %fcceptance, restoration, or upgrading have no
interrelated factors discussed below:

fundamental technical basis. The rationale for allowing
some leeway in these decisions to account for
: nontechnical considerations is based on the precedent
The tolerance for damage caused by relatively  ggiaplished in past earthquakes and common sense. It is
large earthquake ground motions is logically  he|nful, however, to establish quantifiable parameters to
greater than if the same damage were caused byyepresent the results of judgement and experience.
small ground motions. It makes sense that a
building significantly damaged by small ground  1he performance indices for the building in its pre-
motions is a good candidate for upgrading. After ¢yent p) and damaged®) condition can be determined
earthquake ground motions at about the design ,sing the relative performance analysis procedures of
level for which damage is expected, a less FEMA 306. Component acceptability and global
restrictive policy on upgrading will facilitate the  gigplacement demand control the thresholds for
economic recovery of the community. restoration and repair because the performance index
b. The acceptability of performance characteristics for both the pre-event structurie)(and the damaged
of the building after the damaging earthquake  structure @' ) are defined as the ratio of global
If the damaged building is capable of meeting ~ displacement capacityl{ord;") to the global

a. Relative Severity of Damaging Ground Motion

reasonable performance objectives in its displacement demand{ordy’). The behavior of
damaged state, repair or upgrading may be individual components, as discussed in Section 3.3.3
unnecessary. It is also possible that short-term  and FEMA 306, governs global displacement
performance objectives, lower than those capacities. Performance loss,is a function of the
appropriate for the longer term, may be performance indices.

reasonable to use in some circumstances,

eliminating the need for immediate action. Boundaries between acceptance and restoration, and

c. The acceptability of performance characteristics P€tween acceptance or restoration and upgrading can be
of the building before the damaging earthquake 9efinéd as in Tables 3-1 and 3-2. The parameters
The decision between restoration and upgrading introduced in these tables can be plotted, for a given
is largely controlled by the acceptability of the damaging earthquake Wlth reI_atlve displacement
restored performance, which would be equivalentdemanq- S, as illustrated in Figure 3-7a and b ar_1d used
to that before the earthquake. It is not logical to @S & guide for the need for restoration or upgrading of a
restore a building to a poor level of expected ~ damaged building.

erformance. .
P The performance lost) for the selected objective is

d. The change in performance characteristics of the determined and plotted as a horizontal line as in
building caused by the damaging earthquake  Figure 3-7a and b. Figure 3-7a illustrates the boundary
If the damaging earthquake causes a large between restoration or upgrade and acceptance of the
decrease in the performance characteristics of a damage. Figure 3-7b illustrates the boundary between
building, restoration or upgrading are obviously damage acceptance (or restoration) and upgrade.
more adwsa_lble than if the loss were small. Small Turning first to Figure 3-7a, the poir®'( L) is used to
losses, particularly for large earthquakes, are  determine if the damage can be accepted. If the

often acceptable. damaged building is capable of meeting reasonable

e. Nonseismic issues related to the condition and Pe€rformance objectives, repair or upgrading is
use of the buildingNonseismic deficiencies unnecessary. The restoration boundary between _
(e.g., disabled access, fire and life safety, acceptance of the damage and the need for restoration
prog’rammatic maintehance) are importa’nt or upgrade is defined by the parameters in Table 3-1. If

considerations. So is the anticipated future use ofth€ performance los&Xis small, then restoration or
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Table 3-1 Parameters governing whether Table 3-2 Parameters governing whether
damage is acceptable (see restoration is acceptable (see
Figure 3-7a) Figure 3-7b)

Liminy = Performance loss threshold below which res- | Lyminy = Performance Loss threshold below which
toration is not required regardless of the upgrading is not required regardless of the
Damaged Performance InddX, Pre-event (Undamaged) Performance Index.
(Avoids requiring restoration when the effects (Avoids requiring upgrading when the
of damage on performance are small. This effects of damage on performance are small.
threshold would be comparatively lower for The threshold would be relatively lower fo
damaging earthquakes with small relative dis- damaging earthquakes with small relative
placement demand) and higher for large displacement deman&)(and higher for
ones.) larger ones.)

P'min Damaged Performance Index limit below Pmin = Pre-event Performance Index limit below
which restoration is required unless the Pef- which upgrading is required unless the Pef-
formance Loss is less thafmin).- formance Loss is less th&a miny
(Limits how far the Damaged Performance (Establishes when the Pre-event Perfor-
Index P’) can fall and still be acceptable mance IndexF) is acceptable without
without restoration. This limit would be com- upgrading. This limit would be relatively
paratively lower for damaging earthquakes lower for damaging earthquakes with high
with large relative displacement dema®l ( relative displacement demarf§ énd higher
and higher for smaller ones.) for smaller ones.)

Lr(max) Performance Loss threshold above which fes- | Lymaxy = Performance Loss threshold above which
toration is required unless the Damaged Per- upgrading is required unless the Pre-event
formance Index exceed® % Performance Index exceels x
(Requires restoration for relatively large (Requires upgrading for relatively large
losses unless the Damaged Performance losses unless the Pre-event Performance
Index @’) is high. The threshold would be Index @) is high. The threshold would be
comparatively lower for damaging earth- comparatively lower for damaging earth-
quakes with small relative displacement quakes with small relative displacement
demand ) and higher for larger ones.) demand ) and higher for larger ones.)

P max Damaged Performance Index limit above Pmax = Pre-event Performance Index limit above

which restoration is not required regardless
the Performance Loss.

(Establishes when the Damaged Performa
Index P’) is acceptable without restoration
This limit would be comparatively lower for
damaging earthquakes with large relative d
placement demand (S) and higher for smal

of

nce

is-
ler

ones.)

which upgrading is not required regardless
of Performance Loss.

(Establishes when the Pre-event Perfor-
mance IndexR) is acceptable without
upgrading. This limit would be compara-
tively lower for damaging earthquakes with
large relative displacement dema®&ignd

higher for smaller ones.)

upgrading might not be required since the change in
performance is negligible. This concept is represented p'__ if damage is to be acceptable regardless of the
by the horizontal line dty ). If the loss exceeds the
minimum, then the decision on whether to accept the
damage is controlled by how close the damaged
performance index is 18',j, andP' 5« The lower end
of the sloping portion of the restoration boundary
represents the limi®(,,;). As the loss increases there is
logically less tolerance for a lower damaged
performance index(). As the loss increases further,
there comes a poilif(max) at which the damaged

performance index must be greater tRgp,, (P' >

loss. If the damaged performance indeX L) is within
the restoration boundary, then either restoration or
upgrading is required.

The parameters affecting the decision between upgrade
or restoration are illustrated in Figure 3-7b. The
decision between upgrade or restoration is controlled by
the loss I() and the pre-event performance indeéx (

The upgrade boundary is delineated similarly to the
restoration boundary using the parameters in Table 3-2.

FEMA 308
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Restoration boundary for damaging

earthquake
Performance Restore or upgrade Different restoration
Loss A performance if (P'L) is boundary for a smaller
L=1-P/P within restoration damaging earthquake
boundary \
1.0
Accept damage if (P’,L)
falls outside restoration
L boundary
r(max) \ I
L T /
L — Damaged
r(min)
L L1 Performance
pl Index, P’
P P’
min max

a) Relationship between acceptance of damage versus repair or upgrade

Upgrade boundary for damaging earthquake

Performance  pgrade performance Different upgrade
Loss A if (P,L) is within boundary for a smaller
L=1-P/P upgrade boundary damaging earthquake

1.0 \ /Restore or accept
damage if (P,L) falls
simay) outside upgrade
L. _|
u(min) |

L
‘ Pre-event
| Performance
I

|
P Index, P

b) Relationship between acceptance of damage or restoration versus upgrade

Figure 3-7 Thresholds and performance limits for restoration and upgrade of earthquake-damaged buildings

16 Repair of Earthquake Damaged Concrete and Masonry Wall Buildings FEMA 308



Chapter 3: Performance-Based Policy Framework

It is important to recognize that the parameters affecting  the key findings of the research effort for this
decisions between acceptance, restoration, and upgrade project are that the mode of component behavior
may vary with the size of the damaging earthquake as controls acceptability and that the mode of behavior

defined by the relative displacement dem&dor a is not always what might be predicted using analy-
given building. This reflects the logic that greater losses  sis procedures, similar to those of FEMA 273 and
and lower performance indices are tolerable for larger ATC-40,intended primarily for design. This con-
earthquakes. The effects of this variable on the cern is obviated to some degree by the use of
restoration and upgrade boundaries are illustrated in FEMA 306, which requires that component force/
Figure 3-7a and b with the lighter boundaries for deformation relationships match the mode of
smaller earthquakes.The intersection of the pre-event behavior observed in the field from the effects of

performance index with the loss line in Figure 3-7b falls damage.
outside the upgrade boundary indicating that restoratioré
is sufficient. However if this same loss had occurred in ™
the smaller earthquake, the intersectioP adL

would fall within the boundary indicating that upgrade

is necessary.

In many structures, the failure of a single compo-
nent to meet acceptability criteria is not an accurate
indicator of global acceptability. For example, the
lack of acceptability for life safety of a highly
shear-critical, vertical-load-bearing, wall pier might
indeed limit global acceptability. By contrast, the

3.9 Policy Implications and unacceptability of a single coupling beam carrying

P : only a small local gravity load in addition to earth-
Limitations of Component guake forces may not alone be sufficient justifica-

Acceptability and tion for a global life safety limit. In reality, global
Displacement Demand displacement limits are a complex function of com-
- _ ponent behavior and acceptability. Important con-
If component acceptability and global displacement siderations include the number and location of
demand criteria are applied to both the pre-event and critical components, vertical load transfer, and

damaged structures consistently, the effects of damage, interactions among components, particularly with

as gauged by the scope and cost of measures to restore  respect to the development of collapse mechanisms.
performance, are not sensitive to variations in the _ _

criteria. In the evaluation of the effects of damage, the There is also controversy with regard to the

numerical value of the performance indices and loss arél€términation of maximum displacement demand for
not meaningful in themselves. The same is not the cas&S€ With nonlinear static procedures. FEMA 273

when these parameters are used to facilitate policy ~ €MPhasizes the use of the displacement coefficient
decisions for acceptance, repair, or upgrade. method while ATC-40 documents the capacity spectrum

Component acceptability and displacement demand method. In some circumstances these two alternatives
affect these decisions directly. can lead to different estimates of displacements.

The current provisions of FEMA 273 (ATC, 1997a) and | h€ lack of complete consensus on component

ATC-40 (ATC, 1996) limit global displacements for the acceptability and displacement demand is

performance level under consideration (e.g., Inmediateunderstandable, since nonlinear static procedures have
Occupancy, Life Safety, Collapse Prevention) to that at "0t been used extensively to date. They still require a
which any single component reaches its acceptability 9réat deal of engineering judgment, and common sense,
limit. There is not universal agreement among to produce reliable results. Over the years acceptability

researchers and practitioners regarding the accuracy of Mits and dlsplac%nlwent demand ar_elllkely to become
these acceptability provisions for several reasons: more accurate and less controversial.

1. The amount of available research data on the force]?Se of the performance-based framework introduced in

deformation characteristics of various components this document requires the understanding of the -
for different behavior modes is not sufficient. The controlling influence of the component acceptability

interpretation of test data is also difficult since stan-2nd displacement demand criteria. The absolute
dard protocols have not been available. numerical values for Performance Indices and Loss

parameters have no significance in and of themselves.

2. The acceptability limits for deformation of individ-  They are only as reliable and meaningful as the
ual components are difficult to generalize. Two of
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component acceptability and displacement demand

criteria used to generate them. If the acceptability
criteria are overly conservative or liberal, the
Performance Indices will directly reflect this with a
relatively low or high value. The use of the framework

and associated parameters must include a definitive and

consistent specification for the component acceptability
and displacement demand criteria. The parameters

themselves then provide a convenient way to measure

5.

Establish programs for encouraging building own-
ers to document the anticipated performance char-
acteristics for their building. In some cases,
mandatory investigations or retrofit may be appro-
priate. Even if this cannot be implemented, building
owners should be allowed to investigate perfor-
mance deficiencies without the requirement to
address them immediately.

L L 6. Establish a repository of public information on
performance and loss within the limitations of the earthquake hazards and the vulnerabilties of build-
P ' ings. Building database technologies such as those
specified in HAZUS (NIBS, 1997) and ATC-36
3.10 Public Sector Policy (ATC, in preparation) can facilitate this effort. Such
Planning databases are useful both before, immediately after,
] and during the recovery process of an earthquake.
Recommendations
Public agencies, particularly building authorities,can 3.11 Private Policy qunning

prepare for a future earthquake by taking action

beforehand. The following are some suggestions related
specifically to the procedures developed in this
document:

1.

Recommendations

In the private sector, building owners and occupants can
benefit greatly by planning an investigation before an

earthquake. Some useful efforts are listed below:

Establish seismic performance objectives for build-

ings within the community. These can be modeled 1. Assemble design and construction information on

on existing standards including FEMA 273 and
ATC 40. Selection of appropriate objectives should
be based on the size, age, occupancy, and function
of the individual building.

the specific building or group of buildings of con-
cern. Structural information is particularly impor-
tant to the investigation of damage. This might
consist of drawings, calculations, and previous

2. Adopt a seismic hazard demand standard. These reports.
also can be generated using FEMA 273 or ATC 40.2.  Engage a qualified engineer to document the exist-
Communities may wish to develop more detailed ing condition of each building. This entails map-
specific earthquake ground motion or other seismic ping existing cracks and other damage that may be
hazard specifications based on regional or local due to previous earthquakes or other causes. This
conditions. information serves to establish a baseline for any

3. Adopt loss thresholds for repair and upgrading future damage that may occur in an earthquake.
based on the intensity of future seismic events. Additionally, it gives the engineer a chance to
Guidance on the actual value for these thresholds become familiar with the basic structural character-
can only be qualitative at this point. In the future, it istics of the building.
is possible that research on loss and economic 3, Evaluate the need for and implement, if necessary,
recovery after earthquakes can shed some light on  further investigations to determine the component
the appropriate levels of tolerable damage. Simi- characteristics of the building in its current state.
larly, tolerable levels of performance deficiencies The scope of these investigations can range from
can be developed for damaged buildings. rather straightforward and inexpensive to very

4. Review and document the extent to which non-seis-  SOPhisticated analyses. The knowledge about the
mic compliance requirements are imposed on the future performance of the building is important to
repair and upgrading process. Issues for prior con- the building owner or occupant even if inmediate
sideration include disabled access, fire and life upgrading or repair is not possible.
safety, and historic buildings. 4. Consider the effects that earthquakes may have on

the business enterprise carried out in the building.
18 Repair of Earthquake Damaged Concrete and Masonry Wall Buildings FEMA 308
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This knowledge, coupled with the performance Second, the global analysis procedure relies on a
analysis of the building helps the owner and occu- theoretical model built from the individual components
pants to make informed decisions on performance of the structure. In the past, there has been a concern on
goals for future earthquakes. These may differ from the part of engineers that the repair, strengthening, or
those that have been established as the minimum replacement of individual components and/or the
through public policy. If repairs or upgrades to meet addition of new components or elements might impose
the objectives are not possible immediately, ownerscritical future damage on other parts of the structure.
or occupants can develop contingency plans to The proposed analytical technique allows the engineer
respond and recover more effectively from future to evaluate directly these potential adverse effects. A
earthquakes. compilation of available information in FEMA 307
(ATC, 1998b) and this document summarizes the state
of knowledge on the behavior of individual components
of concrete and masonry wall buildings, including the
effects of damage and repair. Although the available
component data are by no means complete, the
proposed procedures and criteria provide a conceptual
protocol for compiling and using data that become
available in the future.

5. Incorporate seismic performance objectives, and
related required repairs and modifications to meet
them, into the long-term facility planning and
replacement process. Buildings and their systems
and furnishings deteriorate over time. Additionally,
the programmatic needs of the owner or occupant
also evolve. Modifications to improve seismic per-
formance should fall into essentially the same cate-
gory, unless extraordinary life safety problems are

found Finally, the performance-based formulation provides

relevant measurement devices to assess the effects of
damage and other parameters that are useful in
3.12 Summary developing and implementing private and public policy
for evaluation, repair, and upgrading of buildings. These
The performance-based procedures for the evaluation offevices are flexible enough to accommodate the
damage presented in FEMA 306 (ATC, 1998a) and the tolerance of the individual community for risk, the
repair issues and procedures discussed in this documerilection of building-specific performance objectives,
offer several technical improvements that support coordination of seismic performance with other public
effective engineering standards and policy for repair  and private goals, and other important considerations.
and upgrading.
When selecting performance objectives, consideration
First, these methods provide a technically sound should be made of the possibility that damage may
framework for earthquake damage evaluation and affect future performance in events of a smaller
repair. The distortions and damage of the individual ~ magnitude than the event that caused the damage.
components relate directly to the global displacement ofgpecifically, some damage may decrease the stiffness of
the structure. For a given movement at the roof level, forthe building without significantly affecting its
example, there is an associated damage state for each performance in larger events; however, the loss of
building component. This damage state implies a level stiffness may result in larger displacements and greater

of performance capacity as a function of the global  damage in smaller events than would have occurred in
displacement. Consequently, the displacement demandhe pre-event structure.

associated with a specific intensity of earthquake
shaking defines a corresponding specific level of
damage for the building.
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4 Implementation

4.1 Introduction return the building to its pre-event performance

_ o index for that specific objectivét =P).
Once a policy decision has been made on the

appropriate action to take with an earthquake-damaged?- Develop a repair strategy at the component level.

building (accept, restore, or upgrade), a design Actions might mclude repairing |nd|V|dyaI compo-
professional may need to develop a repair design. As nents to restore their structural properties, removing
noted previously, repair design has been hampered by a  and replacing damaged components, or adding new
lack of truly applicable standards. Furthermore, the components in other locations. In some cases, dam-
effectiveness of specific repair technologies has been aged components might be left unrepaired.

poorly documented. This section summarizes a 3. Generate a global capacity curve representative of
performance-based approach that uses emerging the building in its repaired condition. This requires
technologies. Additionally, some practical information the selection of appropriate component properties
on the specification of repairs for concrete and masonry  for damaged, repaired, or new components. For
wall buildings is tabulated. concrete and masonry wall buildings, FEMA 306

and FEMA 307 provide extensive guidance.

4.2 Performance-Based Repair 4. Using the procedures of FEMA 306, determine

Design whether the repair strategy allows the repaired
building to meet the performance objective. If not,

Performance-based procedures for the evaluation and revise or modify the strategy and repeat Steps 3

retrofit of existing buildings, FEMA 273/274 (ATC, and 4.

1997a, b) and ATC-40 (ATC, 1996), are technically

similar. The FEMA 2735uidelines which are written

in a style similar to a building code, and its companion

FEMA 274Commentanapply to any building type.

The scope of ATC-40 emphasizes concrete buildings,

but also includes extensive discussion of the evaluation

and retrofit process that can be applied to all building

types. It is written in textbook style.

5. Develop design drawings and specifications for the
repair strategy. Section 4.3 summarizes repair tech-
nologies for concrete and masonry wall buildings.
For the design of new components, the recommen-
dations of FEMA 273/274, ATC 40, and conven-
tional design standards are appropriate.

_ 4.3 Repair Technologies
The FEMA 273 and ATC-40 documents provide

procedures to evaluate the anticipated performance of This section provides guidance on the specification of
an existing building and to develop design measures toindividual repair techniques applicable to the

improve performance. These procedures can be readiljcomponents of earthquake-damaged concrete and
adapted to the repair of earthquake-damaged buildingsmasonry wall buildings. The scope of repairs for an
using this document and FEMA 306 and FEMA 307. individual element or for an entire building depends on
The evaluation process for damaged concrete and the objectives of the repair program.

masonry wall buildings is covered extensively in FEMA

306. 4.3.1 Categories of Repairs

Repairs for earthquake-damaged concrete and masonry

The use of performance-based procedures for repair wall buildings fall into three generic categories:

design for a damaged building is actually just a special
case of a retrofit of an existing building. The process is

briefly reviewed here: 1. Cosmetic Repairare those repairs that improve the

visual appearance of component damage. These
repairs may also restore the nonstructural properties
of the component, such as weather protection. Any
structural benefit is negligible. An example is the
routing, sealing, and painting of cracks in concrete
or masonry.

1. Select an appropriate performance objective for the
building. For an upgrade, the goal would be to
repair the building in such a way that its repaired
performance index®*, for the specific objective is
equal to or greater than 1.0. In the case of a restora-
tion, the goal would be to implement repairs to
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2. Structural Repairaddress component damage

directly, with the intent to restore structural proper-
ties. Examples include injection of cracks or the
replacement of fractured reinforcing bars.

Structural Enhancementse repairs that comprise
supplemental additions, or removal and replace-
ment of existing damaged components. They also
include the addition of new components in the .
structure not necessarily at the site of existing dam-
aged components. In this case, the intent is to
replace structural properties of damaged compo-
nents rather than to restore them. Examples include
the application of concrete overlays to damaged
walls or the addition of shear walls or steel bracing

4.3.2

This document focuses on the structural performance of
individual components. In practice, the restoration or
upgrading of a damaged building is a program of repairs
applied globally. The broader program perspective gives
rise to a number of other critical issues.

Nonstructural Considerations

The efficiency associated with the structural repairs
must be considered at the global level. For example,
a given component might be most effectively
repaired using a particular procedure; however, an
alternative procedure might lead to overall lower
costs when architectural or other constraints are
considered.

to the building where these elements and compo-
nents were not present before the earthquake. * The historic status of the building must be
considered when developing the repair program.
Some repair procedures may not satisfy preservation

goals for the building.

Table 4-1 is a list of repairs by category identifying the
applicability of the repair to individual components,
according to material and framing type.

» Local building departments may have restrictions or
requirements for certain repair procedures.

Table 4-1 Summary of repair procedures
Material Repair ID
Repair Category Repair Type
Reinf. Reinf. URM
Concrete Masonry
Cosmetic Repair v v CR 1 | Surface coating
CR 2 | Repointing

v VO CR 3 | Crack injection with epoxy
Structural Repair v VO SR 1 | Crack injection with epoxy

v v v SR 2 | Crack injection with grout

v v SR 3 | Spall repair

v SR 4 | Rebar replacement

v SR 5 | Wall replacement
Structural Enhancement v SE 1 | Concrete overlay

v SE 2 | Composite Fibers

v SE 3 | Crack Stitching

Notes: Repairs for concrete walls can also be used for concrete frames in infilled frame systems.
Repairs for steel frames of infill systems are described in the component repair guides.

* Epoxy injection not recommended for partially-grouted reinforced masonry.
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4.3.3 Repair Guides

The Repair Guides at the end of this section provide
outline specifications for typical repair procedures for
earthquake-damaged concrete and masonry wall
buildings. These have been developed in conjunction
with procedures for evaluating earthquake damage
specifically for these building types. The Repair Guides
themselves may be applicable, in whole or in part, to
other building types, depending on specific
circumstances. Many other repair techniques useful for
other building types are not documented here.

Repair Category

Materials

Description

The Repair Guides describe procedures that have been
used routinely in the past for concrete and masonry
components. There are undoubtedly other repair
technigues that may also be applicable in general or in
specific instances. Often, repair procedures need to be

Repair Materials

adapted to actual field conditions. The Repair Guides Equipment
convey the basic information for repair selection on a

conceptual level. They are not complete specifications _
and should not be used directly as construction Execution

documents. The design engineer must adapt these
general repairs to meet the requirements of each

L Quality Assurance
building and component.

Limitations

Standards and
References

Each guide includes the following information:

Repair Name and ID For reference and

identification

Cosmetic repair, structural
repair, or structural
enhancement

Applicability to reinforced
concrete, reinforced masonry,
or unreinforced masonry

Basic overview of the
objectives and scope of the
repair procedure

Typical products used for the
repair

A summary of the tools,
instrumentation, or devices
required

General sequence of
operations

Measures required to achieve
satisfactory installation

Restrictions on the
effectiveness of the repair

Applicable sources of further
information

FEMA 308
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REPAIR GUIDE |Repair Type: Cosmetic Repair

COSMETIC PATCHING Materials: Concrete,
CR1 Reinforced Masonry,
Unreinforced Masonry

Description * Portland cement plaster can be applied to the surface

A cosmetic patch consists of applying a surface coating  to cover the appearance of cracks in concrete, rein-
on the surface of the concrete or masonry wall to con- forced masonry, or unreinforced masonry walls

ceal the surface projection of cracks. The purpose of

patching is to improve the aesthetic appearance of the

wall or to provide an additional barrier against water

infiltration into the wall. Restoration of the fire resis- :
. . Equipment

o nctallation of architectural finishes covering the wall T1e eQuipMent required o apply the various repair

is another method of cosmetic patching. Surface coat- matgrlals are generally available tools such as mixing

ings in such repairs are not intended to provide any equipment and sprayers.

increase in strength or stiffness to the wall.

* Cracks that need to be sealed only to prevent water
intrusion can be injected with urethane

Execution

. . The owner or responsible party should choose a proper
Repair Materials . : . '
Various materials can be used for surface coatings. The;n hagﬁ{éaé,;og;geej%rﬁ%i ?Sggggh;hri :Si?écn? eorjtsmgﬁﬁgl
choice of repair material will depend on the functional : . . ) :

and architectural requirements. Some examples of wall, architectural considerations, and considerations of

materials are: the historic nature of the building, if applicable.

* Paint can be used to conceal fine cracks on the sur-prior to implementing the repair, a test area should be
faces of concrete and reinforced masonry walls ~ prepared using the contractor, equipment, procedures,
« Wall coverings such as wallpaper can be used on and materials to be used for the project. The completed
smooth interior concrete surfaces mock-up should be allowed to cure and then carefully
reviewed to verify that the appearance will match that
of the surrounding walls.

* Dry-wall taping compound can be used to fill cracks
on interior surfaces before paint or wall coverings

are arg applied _ _ The surfaces to receive the coatings should be properly
* Organic polymer materials can be used to fill cracks prepared to ensure adequate bonding between the new
on interior and exterior concrete or reinforced and existing materials. For paint or wall-covering appli-
masonry surfaces cation, the surface of the wall should be clean and free
 Coatings or sealers can be used on cracks on exterid?f loose materials. Surface coatings such as plaster or
surfaces to reduce water penetration for concrete, Water-resistant coatings should typically receive a light

reinforced masonry, and unreinforced masonry wallssand blasting to remove the existing coating and to pro-
vide a rougher surface for improved bonding.
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COSMETIC PATCHING
continued CR 1

Quality Assurance exhibit drying shrinkage, shrinkage cracks may develop

Paint or film-forming surface coatings or membranes in the stucco. If the surface of the wall is not expected to

exposed to moisture should be checked for adhesion tgoroduce adequate bond to the stucco, mechanical

the existing surface. anchorage of the stucco to the wall should be specified
(PCA, 1988).

Limitations
Paint can be used to bridge small cracks, with some  Walls that had a designated fire rating may have the fire
paints capable of bridging cracks up to 0.06 inch. The resistance compromised by cracks that extend through
manufacturer of the paint should be consulted for deterthe thickness of the wall, since the cracks will allow hot
mining the capabilities and required preparation for the combustion gases to pass through the wall. Epoxy injec-
specific application. tion will fill the cracks, but the heat from a fire will

cause epoxy to melt. Testing has shown that unpro-
The surface coatings listed can be effective at prevent-tected concrete walls with epoxy-filled cracks up to ¥a-
ing water intrusion through cracks in exterior walls. inch wide could have about 3 inches of the epoxy
However, these materials are only appropriate if the  burned out during a standard fire (Plecnick and Pham,
crack is dormant. Cracks caused by earthquake loadindl980). The burned-out epoxy can be cleaned out and the
are typically dormant since they will not change in crack re-injected. A final plaster coating on the wall can
width over time. If the crack was caused by shrinkage, significantly reduce epoxy burnout.
temperature movements, or other reasons, these treat-
ments will not be effective at bridging the cracks. References
Therefore, the engineer must be confident that the PCA, 1988 Portland Cement Plaster (Stucco) Manual
earthquake caused the crack. Active or moving cracks  Portland Cement Association, Skokie, lllinois.
that are to be watertight must be routed out and sealed

with a flexible sealant. Plecnick, J.M. and M.G. Pham, 19&Wnal Report on

Fire Testing of Epoxy Repaired Shear Weisuc-
Portland cement stucco plaster can be applied directly tures Laboratory Report # SL80-7-11, California
to a concrete or masonry surface. Since the existing State University, Long Beach, Long Beach, Cali-
wall is rigid and the new stucco coating will tend to fornia.
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REPOINTING MORTAR Materials:  Reinforced Masonry,

CR?2 Unreinforced Masonry
Purpose Many older historic buildings used a lime mortar. If a

Repointing is the process of removing deteriorated morlime mortar was originally used, the building should be
tar from the joints of a masonry wall and replacing it ~ repointed with a lime mortar. New cement mortar
with new mortar. Repointing may be required to repair should not be used, as it can cause deterioration of the
earthquake-damaged mortar joints or to repair deterio- wall by not allowing moisture out of the wall and by
ration of mortar joints caused by weathering. Properly introducing salts. If a cement or cement-lime mortar
installed repointing restores the visual and physical ~ was originally used, the building should be repointed
integrity of the masonry. Improperly installed repoint-  with a similar mortar.

ing can detract from the appearance of the building and o
can cause physical damage to the masonry. Masonry cement should not be used for repointing mor-

tar. Appropriate mortar materials are as follows:

A method known variously as “grouting,” “scrub * Lime should conform to ASTM C207, Type S,
coats,” “slurry coats,” or “slur coats” is sometimes sold ~ Hydrated Lime for Masonry Purposes.

as

a substitute for repointing. The process involves ¢ Cement should conform to ASTM C150, Type | or

brushing a thin coat of mortar over all masonry units I1, low alkali, nonstaining Portland cement.

and joints, and when the mortar is dry, brushing it off e Sand should conform to ASTM C144 to ensure
the masonry units. This technique has a life expectancy proper gradation and freedom from impurities. Sand

of only a few years, it masks the joint detailing or tool- color, size, and texture should match the original as
ing, and the residue is difficult to remove from the closely as possible.

masonry. This technique is not a substitute for repoint- ¢ Water should be clean and free from significant
ing, and should never be used on historic buildings. amounts of acids, alkalis, or organic material.

The mortar mix for historic buildings should be speci-

Repair Materials fied by the preservation consultant. Generally, it should

The new (repointing) mortar should:

o ] comply with the UBC Standard No. 24-9 (ICBO, 1994)
match the existing mortar in color, texture, and and ASTM C270Standard Specification for Mortar for

detailing. The best way to match the colorisby it Masonry Material proportions should be given
using sand similar in color, size and shape of grains by volume

as the original mortar. As the mortar weathers, the
sand gives the mortar its characteristic color and tex- _

ture. Pigments should not be used to match mortar Mortar samples should be made before starting work on
Co|or, unless matching cannot be achieved with the bUIIdlng. Samples of the proposed mortar should be
sand, since pigments will fade over time. made, allowed to cure, then broken open. The broken

be softer, in terms of compressive stiffness, than theSurface of the new mortar should be compared with a
adjacent masonry units. A new mortar that is too broken surface of the original mortar to determine
hard will cause stresses in the wall (from thermal ~ whether they match.

and moisture expansion and contraction, and settle- _

ment) to be accommodated by the masonry units  Equipment

rather than the mortar, causing cracking and spalling!n general, the old mortar should be removed using a
of the masonry. hammer and cold chisel. Power saws should not be used

as they can damage the adjacent masonry units. A dal-
lett-style pneumatic carving tool can be used success-
fully by experienced masons to remove old mortar.

be as soft as or softer than the original mortar, in
terms of compressive stiffness.

26

Repair of Earthquake Damaged Concrete and Masonry Wall Buildings FEMA 308



Chapter 4: Implementation

REPAIR GUIDE

continued CR 2
Execution * Make sure that joints are being tooled to match orig-
The contractor should demonstrate repointing on a test  inal appearance. Often, the corners of the masonry
panel in an inconspicuous area of the building that units are worn back and if the joints are completely

includes all types of masonry, joint types, and problems filled to the surface, the joints will be considerably
to be encountered on the job. Usually a 3-foot by 6-foot  wider than original, ruining the appearance. If the
test panel is sufficient. Once the test panel is approved, corners of the masonry units are spalled or worn, the
work can begin. mortar will have to be slightly recessed in the joint

to achieve the original appearance.
The joint is prepared by removing the mortar to a depth g PP

of 2 % times the width of the joints. For most masonry, Limitations

this depth is %2 to 1 inch. Any loose or disintegrated The owner, consultant, and contractor should realize
mortar beyond this minimum depth should be removed.that repointing can be a time-consuming and expensive
Care should be taken not to damage the existing adja- repair. (However, proper repointing is the only long-
cent masonry units. Loose material in the joints should lasting repair for cracked or deteriorated mortar joints.
be removed with a brush, and the joint flushed with a A good repointing job can last up to 50 years.)

water stream.
References

The mortar is prepared by measuring all dry ingredientsASTM, 1997, Standard Specification for Aggregate for
and mixing them together. When ready to use the mor- Masonry Mortar, C144-97American Society for

tar, add water to bring it to a consistency that is some- Testing and Materials, West Conshohocken, Penn-
what drier than conventional masonry mortar. sylvania.

The joints should be damp, but with no standing water. ASTM, 1997 Standard Specification for Portland
Install new mortar only when temperature is between 4° Cement, C150-97#merican Society for Testing
and 95° F. During hot weather, repoint on the shady side  and Materials, West Conshohocken, Pennsylvania.
of the building, or install netting over the scaffolding to
provide shade. Mortar is packed into the joint in ¥.-  ASTM, 1997 Standard Specification for Hydrated
inch-thick layers, leaving no voids, until the joint is Lime for Masonry Purposes, C207-9¥nerican
filled. Tool the joint to match the original mortar. If Society for Testing and Materials, West Consho-
desired, after mortar has initially hardened, stipple with ~ hocken, Pennsylvania.
a brush to give a weathered appearance. Remove exceiSSTM 1997 Standard Specificati

. : : , , pecification for Mortar for
mortar from adjacent masonry using a bristle brush. Unit Masonry, C270-97American Society for

Keep the pointing mortar damp for 2 to 3 days, using a . .
fine-mist hand sprayer. 'Sl'slsvt;?]?aand Materials, West Conshohocken, Penn-

Quality Assurance

. . . ICBO, 1994 Pointing of Unreinforced Masonry Walls
Make sure that only damaged or deteriorated joints Uniform Building Code Standard No. 24-9, Inter-

requw.lng it are repointed. o _ national Conference of Building Officials, Whit-
* Require samples of the repointing mortar to verify tier, California.
the mortar matches the original.

* Require test panels to verify the quality of workman-
:2:'10 and retain them throughout the job for compari- Brick Buildings U. S. Depart of the Interior, Heri-
’ o ) ) tage Conservation and Recreation Service, Techni-
old mortar has been removed. Government Printing Office, Washington, D.C.

* Make sure joints are dampened before application of
new mortar.

Mack, R.C., T.P Tiller, & J.S. Askins., 198Rreserva-
tions Briefs: 2 Repointing Mortar Joints in Historic
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Structural Repair
CRACK INJECTION - EPOXY Materials:  Concrete

CR3/SR 1 Reinforced Masonry

Purpose
Crack injection consists of applying a structural binding Before injecting, the epoxy should be pumped into a

agent into a crack for the purpose of filling the crack  paper cup until the material appears to be completely
and adhering to the substrate material. Various types ofmixed. Cracks are injected starting at the bottom of ver-
materials and methods can be used for crack injection tical and diagonal cracks, changing to the next port as
depending on the required performance. For concrete the epoxy appears there. Splitting tubes can be used so
and fully-grouted, reinforced masonry walls, epoxy is that the epoxy can be pumped into multiple ports simul-

typically injected into cracks under pressure. taneously. Previously injected ports should be sealed. If
necessary, the surface is ground smooth to remove the
Repair Materials surface seal and leakage after the epoxy has set. Grind-

e ASTM Standard C881, Type I, low-viscosity grade ing should not be started until the epoxy has cured.
epoxy.

* Other materials such as fine cementitious grout an
urethanes can also be used for structural bonding.

d Quality Assurance
Personnel experienced in epoxy injection should be
_ used for the work. The mixing equipment should be
Equipment _ o evaluated before beginning the work to verify proper
* Pressure injection machine with mixing nozzle at the gperation. Samples should be prepared and tested for
tip capable of injecting with pressures of 300 psi.  consistency of the epoxy and bond strength. Twice daily
* Porting devices installed with specialized drill bits. during the epoxy work, the mix ratio should be tested to
« Equipment to monitor bressure and mixind. ensure itis within the manufacturer’s tolerances. Thg
quip P g mix test should be conducted at the pressures at which
i the work is being done.
Execution
Prior to injection, loose material should be removed T effectiveness of crack injection can be confirmed
from the cracks. Cracks can be injected through sur- — ,, 5jternative methods. These methods, however, only
face-mounted ports or into drilled entry ports, although (g the penetration of the epoxy into the cracks; they do

surface-mounted ports are used by most contractors 4 check the adequacy of the bond of the epoxy to the
(Krauss et al., 1995). The injection ports are located ¢ ,pstrate.

along the length of the crack and should be spaced at a

distance roughly equal to the thickness of the wall,  cqre holes can be drilled through the cracks after injec-
depending on the viscosity of the material and the mansjon and visually examined to verify that the epoxy has
ufacturer’s recommendations. Ports should be drilled penetrated the cracks. Typically, 2-inch diameter core
with drills that prevent fines from remaining in the holes are specified. The spacing of the core holes

crack.. When full-thickness repairs are required, itis  gnould be between 50 feet and 100 feet (Trout, 1991)
beneficial to seal both surfaces of the wall along the

crack, except for the entry ports. When epoxy injection nondestructive evaluation methods can be used to ver-

is for cosrr_letic purposes or when less t_han full-thick- ify the effectiveness of the epoxy penetration (Guedel-
ness repairs are acceptable, the crack is sealed only orgefer and Krauklis 1986).

the injection side.
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Limitations provided the same operator, epoxy, and equipment are

Moisture on the crack surface can reduce the bond of used and the environmental and structural conditions

the epoxy to the crack faces. If the crack contains con- remain the same.

taminants, it should be cleaned to remove both the con-

taminants and any moisture that will reduce the bond. Nondestructive evaluation (NDE) methods should be
used on the cracked wall prior to repairs and should be

Crack widths as small as 0.002 inch in width can be  calibrated for the repaired condition using undamaged

injected with epoxy. Crack widths up to 0.012 inch can sections of wall. However, NDE methods may not be

be tolerated in reinforced concrete in humid or moist air effective in evaluating the penetration into small cracks.

conditions (ACI, 1994a). A low-viscosity epoxy will

not be effective for crack widths greater tHaB inch. References

For widths greater thati8 inch a medium-viscosity ACI Committee 224R, 1994a, “Control of Cracking in

epoxy should be used. For surface crack widths greater ~ Concrete Structuré#\Cl Manual of Concrete

than % inch, epoxy pastes or gels should be used. For Practice Detroit, Michigan.

cracks that are wider at the surface, an epoxy paste can

be applied at the surface and a low-viscosity epoxy ~ ACI Committee 503R, 1994b, Use of Epoxy Com-

injected through the cured paste to the smaller, interior pounds with ConcreteACI Manual of Concrete

cracks. Practice Detroit, Michigan.

Epoxy injection can also restore the bond of reinforcing ASTM, 1990,Standard Specification for Epoxy-Resin-

bars (French et al., 1990). For the epoxy to restore the Base Bonding Systems for Concrete, C881-90,

bond, there needs to be a sufficient amount of surface American Society for Testing and Materials, West

cracking that intersects the debonded reinforcing forthe ~ Conshohocken, Pennsylvania.

epoxy to penetrate along the surface of the reinforcing

bar. French, C.W. et al, 1990, “Epoxy Repair Techniques for
Moderate Earthquake DamdgACI Structural

The operator must be attentive to the amount of epoxy Journal July-August 1990, American Concrete

being injected relative to the spacing of the ports. Athe-  Institute, Detroit, Michigan, pp 416-424.

oretical quantity of epoxy to be used can be calculated.

Injection should stop if the amount required exceeds 50Guedelhoefer, O.C. and A.T. Krauklis, 1986, “To Bond

percent more than the calculated amount (ACI, 1994b). Or Not To Bond”,Concrete InternationalAugust

This is particularly important when injecting reinforced 1986, Detroit, Michigan, pp. 10- 15.

masonry walls that may contain large voids. Excessive

amounts of epoxy may also indicate that epoxy is leak-Krauss, P.D, et al, 199&valuation of Injection Materi-

ing out through a crack or joint. als for the Repair of Deep Cracks in Concrete
Structures Technical Report REMR-CS-48, US
If the ports are spaced too far apart for the viscosity of Army Corps of Engineers, Washington, DC.

the epoxy, the epoxy may harden before reaching the
adjacent port. Conversely, if the ports are too closely Trout, J.F., 1991, “Quality Control on the Injection

spaced, the epoxy may not reach the full thickness of Project”, Concrete InternationalDecember 1991,
the wall before bleeding out of the adjacent port. American Concrete Institute, Detroit, Michigan,
pp 50-52.

After finding satisfactory penetration from a number of
cores, the spacing of subsequent cores can by increased,
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CRACK INJECTION - GROUT Materials:  Concrete,
SR 2 Reinforced Masonry,
Unreinforced Masonry

Description Equipment

Where cracks along the mortar joints in unreinforced The following equipment is typically required to per-

masonry walls produce horizontal offsets in the plane ofform this work: mixing equipment and pump, pressure-

the wall, the cracks can be repaired by injection of fine monitoring system. Additional equipment may be nec-

grout into the cracks. The grout fills the cracks with essary, depending on the local conditions.A rotary drill

material that bonds to the masonry. The grout can also with masonry bits with vacuum chucks is useful in pre-

fill voids within the wall, such as in the collar joint. If  venting dust from accumulating in the hole.

the bond of the grout is at least equal to the bond of the

original mortar, the repaired wall will have at least the Execution

same strength and stiffness as the pre-earthquake condihe walls are prepared by removing loose mortar from

tion. Since the grout can also fill pre-existing voids open joints. The cracks are flushed with water and then

within the wall, some improvement may be realized, butfilled with pre-hydrated mortar, which is tooled to

should not be expected. match the existing joints. Loose bricks should be
removed and reset with mortar.

Repair Materials

The material used for injection is grout. Removable  Injection holes are drilled at head joints or cracked

loose bricks will require mortar. The grout is typically  brick, through to the inner wythe in each course,

composed of sand, portland cement, lime, and fly ash. although not entering any air space. Verification ports

Recommended proportions are presented by the City ofire drilled 8 to 12 inches to each side of the injection

Los Angeles Rule of General Application (RGA) holes. The holes are flushed with water.

No. 1-91 (City of LA, 1991). Variations may be

required based on local material availability and other Grout is mixed and then pumped into the holes. Typical

requirements. pressures are 10 to 30 psi. Injection should start at the
bottom and work upwards. Grout is injected at a port

Other proportions and materials can be used. It is rec- until grout flows from the adjacent holes. All of the

ommended that the materials and proportions be veri- holes along a horizontal joint are filled before moving

fied for use in the subject application by testing before to the next higher mortar joint.

implementation.

When the grout has set, the holes are pointed with mor-
tar.
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Quality Assurance such as superplasticizers can aid in the fluidity of the

For work within the City of Los Angeles, contractors  grout so that the grout fills more of the voids.
performing grout injection must be certified by the

department of Building and Safety. The certification  Existing grout in the collar joints will prevent some dis-
process is described in the RGA and generally involvespersion of the injected grout. Crack injection with grout
a meeting with an Earthquake Repair Inspector and a may not restore all of the compressive strength of the
demonstration of the procedure (City of Los Angeles, masonry, since the grout may not penetrate all of the
1991). micro-cracks (Manzouri et al., 1996).

To perform the grouting properly, the work requires a Increasing the pump pressure is not effective at increas-
minimum crew of two certified persons; one as a fore- ing the distance of dispersion of the grout from the
man, and one as a nozzleman. The foreman is responsirjection port (Kariotis and Roselund, 1987). The dis-
ble for coordination, verifying the pressure of the grout, persion can be increased by increasing the fluidity of
and batching the grout. The nozzleman is responsible the grout mixture.
for operating the injection nozzle at the wall.

References
Before injecting grout, all of the injection and verifica- City of Los Angeles, 1991, “Crack Repair Of Unrein-
tion holes should be inspected to verify the depth of the forced Masonry Walls With Grout InjectionRule
holes. During the injection, the grout mixture and injec- of General Application - RGA No. 1-91.
tion pressure should be continuously monitored for con-
formance with the specifications. The verification holes Kariotis, J.C and N.A Roselund, 1987, “Repair of

should be watched to verify that the grout is filling the Earthquake Damage to Unreinforced Masonry

voids. After injecting, core holes should be drilled and Buildings,” Evaluation and Retrofit of Masonry

visually inspected to verify that the grout filled the Structures Proceedings of the Second USA-Italy

voids. Workshop on Evaluation and Retrofit of Masonry
Structures, pp 201-214.

Limitations

This procedure has been demonstrated to be effective Manzouri, T., M.P. Schuller, P.B. Shing, and B Amadei,

for cracks ranging from 0.007 inch wide up to % inch 1996, Repair and Retrofit of Unreinforced

wide. Epoxy resins are not recommended for injection Masonry Structuregarthquake Spectra/ol. 12,

into masonry since the properties of the epoxy will not No. 4, Earthquake Engineering Research Institute,

be compatible with those of the masonry. Admixtures Oakland, California, pp 903-922
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SPALL REPAIR Materials: Concrete
SR 3 Reinforced Masonry,
Unreinforced Masonry

Description Execution
Spalls are small sections of wall that become loose or The concrete or reinforced masonry wall should have
dislodged. Spalls can occur in both concrete and all loose material removed with chipping hammers to

masonry walls. The missing material is replaced with a expose sound substrate. If reinforcing bars are signifi-
suitable patch. The material used for the patch must  cantly exposed, the concrete or grout should be

have structural and thermal properties similar to the  removed to provide sufficient clearance around the bar
existing material. The materials and procedures for the for the patch to bond to the full diameter. The perimeter
patch will also depend on the size and location of the of the spall should be cut with a saw or grinder to create
spall and the wall material. These spall repair procedurean edge perpendicular to the original surface.

can be used for concrete, reinforced masonry, infill

materials, and unreinforced masonry walls. Shallow spall repairs are those that are less than about
¥ inch deep (Krauss, 1994). Deep spalls require corre-
Repair Materials spondingly course aggregate to be added to the repair

For concrete and reinforced masonry walls, the repair mortar. For large patches, new steel dowels should be
material is typically a repair mortar mix, which can be set into the substrate with epoxy and placed so that they
based on inorganic materials, such as Portland cementextend into the patch.

and latex-modified concrete, or organic materials, such

as epoxy and polyester. The mortar mix will include  The substrate should be prepared in accordance with the
sand and may also include pea gravel. For thick repairsrecommendations of the manufacturer. Separate bond-
a mechanical anchorage, using epoxy-embedded dow-ing agents do not generally have to be applied to the

els, may need to be added to secure the patch. surface. The mortar is first scrubbed onto the surface
with a stiff broom or brush and then applied with a

Equipment trowel in lifts. The surface is finished to match the

The following equipment is typically required: appearance of the original wall surface. The patch is

« Chipping hammer and grinders or concrete saws thendcutred in accordance with manufacturer’s recom-
mendations.

* Mixing and placing tools
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Quality Assurance may require using formwork and portland cement con-

Contractors conducting the repairs should be familiar crete as the patch material or by the use of shotcrete.
with the repair materials and procedures. If proprietary Large spalls in reinforced and unreinforced masonry
mortars are specified, the contractor performing the  walls may require removing damaged masonry units
repairs should be certified by the manufacturer of the and replacing them with new, similar units.
mortar.

Most repair mortars will experience some shrinkage
The most critical aspect of the performance of a patch isafter curing. Therefore, a visible crack may develop
the bond of the repair material to the substrate (Holl andaround the patch. If the appearance of this crack will be
O’Connor, 1997). The bond strength can be evaluated unacceptable, a nonshrink grout mixture should be used
by a pull-off test, as described in ACI 503R (ACI, or provisions made to conduct cosmetic repairs several
1994). The quality of the bond can also be assessed days or weeks later.
using nondestructive testing techniques such as Impact

Echo or SASW. References

ACI Committee 503, 1994, “Use of Epoxy Compounds
Limitations with Concrete”, ACI 503R-93ACI Manual of
When patching spalls in unreinforced masonry walls Concrete PracticeAmerican Concrete Institute,
and infill frame walls, it may be difficult to obtain Detroit, Michigan.

repair materials that have properties similar to the
masonry. The repairs may also need to consider the Holl, C.H and Scott O'Connor, 1997, “Cleaning and
changes to the appearance of the wall due to the patch.  Preparing Concrete before Repatoncrete
Mock-up tests should be conducted to verify the appli- International March 1997, American Concrete
cability of the repairs prior to wide-spread use through- Institute, Detroit, Michigan, pp 60-63.
out a building.

Krauss, P.D. 1994Repair Materials and Techniques for

These spall repair procedures are suitable for most Concrete Structures in Nuclear Power Plants
spalls in concrete or reinforced masonry thatareupto¥2  NRC JNC No. B8045, US Nuclear Regulatory
cubic foot in volume. Larger spalls in concrete walls Commission, Washington, DC.
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REBAR REPLACEMENT Materials: Concrete

SR 4 Reinforced Masonry
Description ferent manufacturers. Mechanical connection configu-

Mechanical connections can be used in lieu of conven-rations include:

tional lapped bar splices to connect or splice two pieces  co|d-swaged sleeves
of reinforcing bar. Mechanical connections are particu- ,
larly useful for connecting new bars to existing bars Grout-filled sleeves

already embedded in a masonry or concrete structure. * Steel-filled sleeves

They are also useful for repairing damaged structures. «  ypgset-and-threaded couplers
Where fractures have occurred in reinforcing bars, or
where conventional lapped bar splices have failed, it Tapered-threaded couplers
may be possible to repair the discontinuity by means ofe Sleeve with wedge

a mechanical connection. When repairing certain types. gjeeve with lock screws

of damage, it is necessary to cut out the damaged length

of reinforcing bar and to replace it with new bar. In this
instance, two mechanical connections are required,
where one connection is installed at each end of the
replacement bar.

These and other devices are further described in ACI
439.3R-9 Mechanical Connections of Reinforcing
Bars by Committee 439 of the American Concrete
Institute (ACI) and also ilRReinforcement Anchorages
and Splicesby the Concrete Reinforcing Steel Institute

The materials used to make a mechanical connection (CRSI). Detailed technical information is obtained from

include the mechanical connection device itself, the proprietary manufacturers.

obtained from the splice manufacturer, and the reinforc-_ .

ing bar being connected. Some mechanical connectionf%qwm‘t : . .
use a filler material, such as cementitious grout or a any proprietary connections can be assembled using
molten metal, typically provided by the splice manufac-"¢adily-available hand or power tools, such as ordinary
turer. Most mechanical devices can be used with either'V"€Nches, calibrated wrenches, or non-impact torque

ASTM AG15 or ASTM A706 reinforcing bar. Certain  Wrénches. Assembly of some connector devices
devices require use of reinforcing bar provided by the '€duires special equipment such as an hydraulic press.
splice manufacturer Tools required vary with the type of connection. The

splice manufacturer should be consulted for specific
equipment requirements.

Repair Materials

Numerous types and configurations of proprietary
mechanical connections are available from several dif-
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Execution to inelastic cyclic loading, such as bars in or adjacent to

Unless threaded, the reinforcing bars to be connected a potential or actual plastic-hinge zone, it is also recom-
need no special preparation beyond a clean-cut end. mended that inelastic cyclic test data be provided by the
Connections to bars embedded in masonry require lim-device manufacturer. The test data should graphically
ited removal of some surrounding masonry in order to illustrate the load-deflection behavior of the connector-
provide room for insertion of the splice device (but the and-bar system under repeated inelastic load cycles, and
volume of masonry removed to make a mechanical conthe post-cycling residual tensile strength of the system
nection is generally less than that required to make a should approach or exceed the specified tensile strength
conventional lapped bar splice). Generally, bars can beof the unspliced reinforcing bar. The proposed ACI

set loosely into place, with final alignment made just  Standard includes such testing and strength criteria.
before completing the splice assembly. The final com-

pletion of the connection is carried out in accordance Limitations

with the instructions provided by the manufacturer. There are some limitations on the use of mechanical
splices, but a limitation for one device may not apply to
Quality Assurance a different device. Threaded devices are generally not

Prior to completing final assembly of the connection, it suitable for connections involving existing bars embed-
should be verified that the proper length of reinforcing ded in concrete because the embedded bar cannot be
bar has been inserted into the splice device and that théhreaded. The physical size of some devices may pre-
bars are correctly aligned. There are also other quality vent their use in the occasional application with tight
assurance checks that will vary depending upon the passize constraints.

ticular type of connection being used. For example,

with grout-filled sleeve splices, the slump of the grout References

mixture should be measured. Again, the manufacturerAClI Committee 439, In ProgresStandard Specifica-

should be consulted for detailed instruction regarding tion for Mechanical Reinforcement Splices for
guality assurance. Seismic Designs using Energy Dissipation Crite-

ria, ACIl 439 American Concrete Institute, Detroit,
For work within the City of Los Angeles, mechanical Michigan.

connection devices must have a General Approval

issued by the Department of Building and Safety. As ASTM, 1996,Standard Specification for Deformed and
part of the approval process, a series of cyclic tests and  Plain Billet-Steel Bars for Concrete Reinforcement,
tensile strength tests are carried out on sample mechani- A615/A615M-96aAmerican Society for Testing

cal connections. The application for General Approval and Materials, West Conshohocken, Pennsylvania.
is typically undertaken by the manufacturer of the

mechanical connection in advance of any use of the  ASTM, 1996,Standard Specification for Low-Alloy
product within the City of Los Angeles. However, the Steel Deformed and Plain Bars for Concrete Rein-
use of non-preapproved devices may be permitted ona  forcement, A706/A706M-96Bmerican Society
case-by-case basis, upon submission of acceptable test  for Testing and Materials, West Conshohocken,
data to the Department of Building and Safety. Pennsylvania.

For mechanical connection of reinforcing bars subject
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WALL REPLACEMENT Materials:  Concrete
SR 5 Reinforced Masonry,
Unreinforced Masonry

Description The existing wall is carefully removed using saws and
Wall replacement requires the removal of an existing chipping tools. Around the perimeter of the opening,
wall and replacement with a new wall. The removal of care should be exercised to avoid damaging the remain-
the existing wall should be performed carefully so that ing portions of the structure and to avoid damaging the
the existing reinforcing bars, if present, can be spliced reinforcing bars, if present.

to new reinforcing. The construction of the new wall

should match, as closely as possible, the construction oThe surface of the surrounding structure should be pre-

the existing wall. pared for the new material. For concrete and reinforced
masonry, the surface of the structure should be rough-

Repair Materials ened to an amplitude of ¥4 inch (ACI, 1995).

For concrete replacement walls, the strength of the con-

crete should be specified to be at least 3000 psi. New reinforcing bars should be spliced to existing bars.

If new reinforcing bars are required to be attached to the
For reinforced masonry walls, open-ended units shouldexisting structure, these bars should be anchored to the
be specified. These will allow easier installation within existing structure by setting them into holes with epoxy.
the existing structure. The masonry units, mortar, and The depth of the hole should be sufficient to develop the
grout used should conform to the requirements of ACI strength of the bar. The manufacturer of the epoxy
530/ASCE 6. should be consulted for the proper depth of the bar and

for the instructions for installing the epoxy.
Equipment
The equipment used will depend on the construction of The new concrete can be placed by forming the wall or
the existing wall and the methods used to install the newby applying shotcrete. Shotcrete application should fol-
wall. The following are general equipment items that low the guidelines for shotcrete overlays (SE1). For
might be needed for removal and replacement of walls:cast-in-place walls, concrete is placed through an access
« Chipping tools for removal of the wall hole near the top of the formwork. Additional holes are

ired for i ti ibrators.
* Light chipping tools for preparing the surface of the required forinserting vibrators

remaining structure Cast-in-place concrete walls should be wet cured fol-

* Equipment for mixing and placing the concrete, lowing placement. A curing compound should be used
grout, or mortar following the wet cure.
Execution The cementitious materials in the new wall will experi-

be installed adjacent to the wall to support the gravity not shrink, the shrinkage will cause a crack to form, typ-
loads while the wall is missing. ically along the top of the wall. After a significant

amount of the drying shrinkage has occurred, typically
after two to four months, the crack should be filled with
epoxy.
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REPAIR GUIDE
continued SR 5

Following rebar installation, open-ended masonry unitswall. If the construction of the new wall is substantially

can be installed around the reinforcing bars. When the different from the previous wall, the strength and stiff-

height of the lift of grout is more than 5 feet, holes are ness behavior could adversely affect the performance of

left at the top and bottom for installation of grout. If the building. It may be possible either to negotiate a

open-ended units are used, access holes are needed compromise with the local building department or to

every 2 to 3 feet. If closed-end units are used, cleanoutintroduce a weak link in the wall to prevent its increased

are needed for each cavity. Grout is pumped in throughstiffness or strength from affecting the behavior of the

a hole in the top of the wall. The hole at the base is usedemainder of the building.

to verify that the grout has flowed down to the base.

After grout is observed at the bottom hole, the hole is The shrinkage cracks that develop at the top of the wall,

sealed to prevent the grout from flowing out of the wall. if not filled with epoxy or grout, will produce a weak-
ened joint. This weakened joint may cause the behavior

Quality Assurance mode of the wall to be different from that of the original

The mix design for the concrete, grout, or mortar shouldwall.

be submitted by the contractor and reviewed prior to

use. Concrete core samples should be required from References

each batch of concrete used. The cores should be teste®iCI Committee 530/ ASCE Committee 6, 19%heci-

in accordance with ASTM C39 (ACI, 1995). Masonry fications for Masonry Structuregmerican Soci-

units should be tested in accordance with the appropri- ety of Civil Engineers, New York, New York.

ate standards referenced in ACI 530/ASCE 6-92 (ACI,

1992). Concrete masonry units should be tested using ACI Committee 318, 1998Building Code Require-

ASTM C140. Brick should be tested using ASTM C 67. ments for Structural Concrete and Commentary

American Concrete Institute, Detroit, Michigan.

The layout and anchorage of the reinforcing steel

should be inspected before forming the concrete or ~ ASTM, 1997,Standard Test Methods for Sampling and
installing the masonry units. A special inspector famil- Testing Brick and Structural Clay Tile, C67-97,

iar with epoxy installation should observe installation of American Society for Testing and Materials, West
the epoxy. A percentage of the epoxy-anchored dowels Conshohocken, Pennsylvania.

should be load-tested to at least 50 percent of the yield

strength of the bar. ASTM, 1997 Standard Test Methods of Sampling and

Testing Concrete Masonry Units, C140-8meri-
Limitations can Society for Testing and Materials, West Con-
If the wall to be replaced was constructed with unrein- shohocken, Pennsylvania.

forced masonry, the local building department may not
allow replacement with a new unreinforced masonry
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STRUCTURAL OVERLAY - Materials: Concrete
SE 1 CONCRETE Reinforced Masonry,
Unreinforced Masonry

Description uninterrupted flow. The angle of the nozzle should be
Overlay concrete is applied pneumatically (shotcrete) orkept as close as possible to perpendicular to the surface
as a cast-in-place layer onto one or both surfaces of thef the wall to reduce rebound. A slight angle is required
wall. The concrete is reinforced and attached to the  when directing the shotcrete around reinforcing steel to
existing structure to enable the concrete to provide supavoid shadowing behind the bars. The shotcrete is
plemental strength to the wall. Two different processes applied in several passes starting at the base of the wall,
for shotcrete are used in practice: wet mix and dry mix. building up the thickness slightly beyond the guide

In the wet-mix process, all ingredients are premixed andwires.

the wet mixture delivered to the nozzle where it is shot

toward the surface. In the dry-mix process, the dry The shotcrete surface should be finished as required
cement and aggregate are delivered to the nozzle wherasing the guide wires. The shotcrete should then be wet
they are mixed with water while being shot out of the cured for at least one day and preferably seven days

nozzle to the surface (Warner, 1995a). (Warner, 1995c). Following the wet cure, a final cure
using liquid curing membranes, or other moisture-
Repair Materials retaining coverings should be provided.

Portland cement, aggregate, and water are needed. The
mixing and proportions will depend on a number of fac-Quality Assurance
tors, including the process (wet-mix process or dry-mix The quality of the shotcrete operation is highly depen-

process) dent on the skill of the nozzleman. Each nozzleman
used on a project should be certified and have sufficient

Equipment experience in similar applications. The nozzlemen can

The basic equipment includes a mixer, pump or gun, be qualified by completing a large or full-scale mock-up

compressor, hoses, and nozzles. (ACI, 1994a, b) test representing the thickness and congestion condi-
tions that will be encountered.

Execution

The surface of the existing wall should be prepared by The mix design for the shotcrete should be submitted by

removing loose or damaged material. The surface the contractor for review. Small test panels should be

should be chipped or scarified to avoid abrupt changesprepared in accordance with ASTM C11&8andard

in dimension (ACI, 1994b). Reinforcing steel is Practice for Preparing and Testing Specimens from

installed and securely anchored into the existing slabs Shotcrete Test PanglaSTM, 1997), by each nozzle-

above and below using dowels set in epoxy. man at the beginning of each day and at the start of each

batch of shotcrete. The sample panels should be cured
Before applying the shotcrete, the surface of the exist- in the same manner as the walls. Core or cube samples
ing wall should be prewetted so that specified shotcreteshould be removed from each panel and tested to verify
moisture content will not be absorbed into the existing the compressive strength and quality.
wall (Warner, 1995b). Forms or guide wires are
installed to provide alignment control for the applica- A qualified inspector should continuously inspect the
tion, finishing, and verification of sufficient cover for  shotcrete application. The inspector should verify that
the reinforcing steel. The nozzleman should direct the the materials, placement, finishing, and curing are con-
shotcrete from the nozzle to the surface with a steady, ducted in accordance with the specifications.
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REPAIR GUIDE
continued SE 1
Limitations shotcrete operation in the vicinity of the large bars is

The amount of reinforcing steel in the shotcrete wall  also recommended.

should be kept to a minimum. This can be accomplished

by using small bars, staggering bars when more than References

one layer of reinforcing is required (Warner, 1994), and ACI, 1994a, “Guide to Shotcrete” ACI 506-98CI
using mechanical splices rather than lap splices. Exces-  Manual of Concrete Practicédmerican Concrete

sive reinforcing prevents the shotcrete from being Institute, Detroit, Michigan.

placed completely behind the reinforcing steel and also

traps the rebound. ACI, 1994b, “Specification for Shotcrete” ACI 506.2-
90, ACI Manual of Concrete Practicdmerican

Shotcrete bonds well to clean concrete and masonry Concrete Institute, Detroit, Michigan.

surfaces. The use of bonding agents is not recom-

mended. ASTM, 1997 Standard Practice for Preparing and
Testing Specimens from Shotcrete Test Panels,

The wet-mix and dry-mix processes have different pro- C1140-97 American Society for Testing and Mate-

duction requirements and require different skills of the rials, West Conshohocken, Pennsylvania.

operators. However, both can produce satisfactory

results. The dry-mix process is capable of producing ICBO, 1994 Uniform Building Codglnternational

higher compressive strength, can be transported longer ~ Conference of Building Officials, Whittier, Cali-
distances, and produces a material that generally has fornia.

less shrinkage. The wet-mix process requires less skill

of the nozzleman in order to mix uniformly the water  Warner, James, 1994, “Shotcrete in Seismic Repair and
with the cement and aggregate and is capable of greater  Retrofit’, Seismic Rehabilitation of Concrete
production. The choice of which process to use depends  Structures ACI SP-160, American Concrete Insti-

on the capabilities and experience of the contractor. tute, Detroit, Michigan.

An apprentice or blow man is recommended to be Warner, James, 1995a, “Understanding Shotcrete - The
present to remove rebound, which is the aggregate and  Fundamentals’Concrete InternationaMay 1995,
cement paste that bounces off the surface during shot- American Concrete Institute, Detroit, Michigan, pp

creting. The blowman should prevent the rebound from 59-64.
being mixed in with the shotcrete.

Warner, James, 1995b, “Understanding Shotcrete - Its
Reinforcing bars should generally not be largerthan #5  Application”, Concrete InternationalJune 1995,
bars (ICBO, 1994). However, if larger bar sizes are American Concrete Institute, Detroit, Michigan, pp
required, the contractor should be required to perform 37-41.
mockup tests to demonstrate that the shotcrete can
effectively be placed around the reinforcing bars. The Warner, James, 1995, “Understanding Shotcrete - Fin-

mock-ups should be tested by core drilling or saw cut- ishing, Curing and Quality ControlConcrete
ting samples at the reinforcing bars. The samples should  International August 1995, American Concrete
then be visually analyzed to verify complete coverage Institute, Detroit, Michigan, pp 72-75.

of shotcrete around the bars. Full-time inspection of the
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STRUCTURAL OVERLAY - Materials: Concrete
SE 2 COMPOSITE FIBERS Reinforced Masonry,
Unreinforced Masonry

Description surface to the finish required by the manufacturer of the
Thin glass or carbon fibers woven into a fabric sheet composite fiber.

can be applied to the surface of the wall to enhance the

stiffness and strength of the wall. The fibers are gener- A thin epoxy binding coat is applied to the surface using

ally applied to the surface using an epoxy resin binder rollers. The composite fibers are saturated in epoxy and
and can be oriented in one direction or two directions. are pressed into the binder epoxy with a roller. The

The composite fibers are used as tension reinforcing fomumber of layers and the orientation of the layers

the wall and can therefore increase the in-plane and outlepends on the design requirements. Additional epoxy

of-plane strength of the wall. may be applied to fully coat the fibers.

Repair Materials The fabric layers should wrap around the edges of the
The typical repair methods use: wall for a distance as recommended by the manufac-

« Carbon-fiber or glass-fiber sheets turer. If a physical interference prevents wrapping the

. fabric, anchors should be installed through the fabric
* Epoxy for bondinghe sheets to the wall along the perimeter of the wall and secured to the sub-
* Anchors for attaching composite fiber sheets to sub-strate. The epoxy is then allowed to cure for at least 24
strate hours, or as recommended by the manufacturer.
* Surface coatings
After the epoxy has cured, the wall should be covered
with a nonstructural coating such as paint, plaster, or

Equipment . . _ _ wallboard. Special fire-resistant coatings are also avail-
* Surface preparation equipment such as light chip-  5pe if needed.

ping hammers or sandblasting equipment
* Brushes or rollers are used to apply the epoxy to theQuality Assurance

wall and to the fabric Thebehavior of the wall following application of the
fiber reinforcement is strongly influenced by the proce-
Execution dures used to apply the composite fibers to the wall.

grout injection. Spalls should also be repaired. The wallthat the work is being done in accordance with the man-
surfaces are then prepared by lightly sandblasting the Ufacturer's recommendations.
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REPAIR GUIDE
continued SE 2
The following items should be checked: by debonding of the coating from the wall. Following

« The surface preparation of the wall to verify that all the debonding, the composite fibers fail in a brittle man-
finishes and loose materials have been removed ~ Ner (Reinhorn and Madan, 1995).

* The mixing of the epoxy to verify that the two cOm- \yhen composite fibers are installed in an area that
ponents have been mixed with the proper propor-  requires a fire rating, a supplemental coating will need
tions to be applied to prevent the epoxy from releasing dan-

* The installed composite fabric to verify that the fab- gerous fumes when heated.
ric has been completely embedded in the epoxy resin

« The overlapping of the fabric sheets and the wrap- Reéferences
ping of the sheets around corners, to verify that the Ehsani, M.R. and H Saadatmanesh, 19@iber Com-

sheets are anchored as required by the manufacturer ~ POSites: An Economical Alternative for Retrofit-
ting Earthquake-Damaged Precast-Concrete

* The curing of the epoxy to ensure conformance with Walls”, Earthquake Spectia/ol. 13, No. 2, Earth-
the manufacturer’s recommendations quake Engineering Research Institute, Oakland,

California, pp 225-241.

Limitations

There are no standards for the design of composite  Laursen, P.T., F. Seible, G.A. Hegemier, and D. Innam-

fibers used for the repair of shear walls. Manufacturers orato, 1995, “Seismic Retrofit and Repair of

of the material can supply references and recommenda-  Masonry Walls with Carbon OverlaysNon-

tions for application. Metallic (FRP) Reinforcement for Concrete Struc-
tures RILEM, E & FN Spon, London, pp 619-623.

Carbon fibers have a modulus of elasticity and tensile

strength that are greater than those of steel. Glass fiberReinhorn, A. M. and A. Madan, 199yaluation of

have a lower modulus of elasticity and tensile strength. Tyfo-S Fiber Wrap System For Out of Plane
Both the glass and the carbon fibers exhibit brittle Strengthening of Masonry WallBreliminary Test
behavior in tension. The failure of the composite fiber Report, Report No. AMR 95-0001, State Univer-

system for out-of-plane loading is generally precipitated sity of New York at Buffalo
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CRACK STITCHING Materials:  Concrete
SE 3 Reinforced Masonry

Description Quality Assurance

When a crack occurs in a lightly-reinforced concrete or The bond of the epoxy to the reinforcing bars and the
reinforced masonry wall, the shear capacity along the substrate are critical to the effectiveness of the repair.
crack can be restored and improved by local repair For the bond to the substrate to be adequate, the hole
along the crack. This type of repair is most useful for must be thoroughly cleaned. This usually involves sev-
sliding-shear behavior modes when reinforcing bars  eral cycles of brushing and blowing out the hole. The
may be bent or the condition of the crack prevents compressor used for blowing out the hole should be fit-

epoxy from producing an adequate bond. For this ted with a filter to prevent oil from mixing with the air.
repair, new reinforcing bars are inserted across the ~ The compressor oil will reduce the bond, if present.
crack for improved shear resistance. Water in the hole can also prevent proper bonding.
Repair Materials The reinforcing bar should not be rotated while it is

« Reinforcing bars inserted into the hole. Rotating the bar will break some

of the initial bond of the epoxy, which can prevent fur-

* Epoxy for binding the reinforcing bars to the con- ., bonding.

crete or masonry
An inspector should check each hole to verify that it has

Equipment been adequately cleaned and of the required depth
The following equipment is needed: before inserting the reinforcing bar. Each hole should

also be inspected following insertion of the bar to verify
that the epoxy completely fills the annular space around
the bar.

* Rotary drill to create the holes (Core drills are not

recommended)
e Air compressor and brushes o
 Mixing and placing equipment for epoxy resin Limitations . o
g P g equip POXy Inserting dowels across the cracks is only effective if
there is sufficient thickness of material above or below

Execution the wall to develop the bars. Using bars larger than No.
Holes are drilled across the crack. The holes should be5 is not usually feasible, since drill bits may not be

deep enough to develop the strength of the reinforcing readily available to achieve the depth of the hole

bars in the wall and in the substrate above or below. required to develop these larger bars.

Typically No. 4 or 5 bars are used with a hole depth

equal to 18 inches on each side of the crack (ACI, Care must be taken to avoid damaging the existing rein-
1994). The holes should intersect the crack at approxi- forcing bars when drilling the holes for the new rein-
mately a 45 degree angle. The spacing of the holes andorcing bars. Rebar detectors should be used to lay out
the size of the reinforcing bars should be chosen to prothe existing bar placement.

vide shear resistance using shear-friction theory for

reinforcement inclined to the shear plane, in accordanceéAngle drilling with a rotary bit may be difficult to
with ACI 318. accomplish precisely by hand. A rig or guide may be

needed to confirm that the hole is drilled at the proper
The holes should be thoroughly cleaned by alternate usangle.
of compressed air and a brush. Epoxy is placed in the
hole and then the reinforcing bar is inserted into the ~ References _
hole. Enough epoxy should be placed in the hole so thaCl Committee 224, 1994, “Causes, Evaluation, and

some epoxy is forced out of the hole when the reinforc-  Repair of Cracks in Concrete Structures,” ACI
ing bar is placed. 224.1R-93ACI Manual of Concrete Practice

American Concrete Institute, Detroit Michigan
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Glossary

Component

Cosmetic
repairs

Damaging
ground
motion

Direct
method

Element

Global

displacement

capacity

A structural member such as a beam,
column, or wall that is an individual
part of a structural element

Repairs that improve the visual
appearance of damage to a compo-
nent. These repairs may also restore
the nonstructural properties of the
component, such as weather protec-
tion. Any structural benefit is negligi-
ble.

The ground motion that shook the
building under consideration and
caused resulting damage. This ground
motion may or may not have been
recorded at the site of the building. In
some cases, it may be an estimate of
the actual ground motion that
occurred. It might consist of esti-
mated time-history records or corre-
sponding response spectra.

The determination of performance
restoration measures from the
observed damage without relative
performance analysis.

An assembly of structural compo-
nents (e.g., coupled shear walls,
frames)

The maximum global displacement
tolerable for a specific performance
level. This global displacement limit
is normally controlled by the accept-
ability of distortion of individual
components or a group of compo-
nents within the structure.

Global

displacement

demand

Global
structure

Infilled
frame

Nonlinear
static
procedure

Performance

ground
motion

The overall displacement of a repre-
sentative point on a building subject
to a performance ground motion. The
representative point is normally taken
at the roof level or at the effective
center of mass for a given mode of
vibration.

The assembly representing all of the
structural elements of a building.

A concrete or steel frame with con-
crete or masonry panels installed
between the beams and columns

A structural analysis technique in
which the structure is modeled as an
assembly of components capable of
nonlinear force-displacement behav-
ior and subjected to a monotonically
increasing lateral load in a specific
pattern to generate a global force-dis-
placement capacity curve. The dis-
placement demand is determined with
a spectral representation of ground
motion, using one of several alterna-
tive methods

Hypothetical ground motion consis-
tent with the specified seismic hazard
level associated with a specific per-
formance objective. This is character-
ized by time-history record(s) or
corresponding response spectra.
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Performance The ratio of the global displacement Relative An analysis of a building in its dam-
index performance limit to the global dis- performance aged and pre-event condition to deter-
placement demand for a specific seis- analysis mine the effects of the damage on the
mic performance objective. If this ability of the building to meet specific
ratio is greater than 1.0, the seismic performance objectives
performance objective is satisfied. Repair An action taken to address a damaged
ThI.S index represents the degree to building component.
which the performance meets or falls _ _
short of the specific performance Restoration  The repair of structural components
objective intended to restore the seismic perfor-
o mance of a damaged building to a
Performance A hypothetlcal damagg state fpr a - level equivalent to the pre-event con-
level bglldlng used to estgbl@h design seis- dition of the building.
mic performance objectives. The i . _
. Severity of  The relative intensity of damage to a
most common performance levels, in _ .
order of decreasing amounts of dam- damage particular component, classified as
age, are collapse prevention, life insignificant, slight, moderate, heavy,
safety, and immediate occupancy. or extreme.
Performance 1.0 minus the ratio of the perfor- Shear wall A concrtetgztortrr:lasct);ry pa:r;lel thatis
loss mance index for a damaged building conhnected fo eg jacen o.or-sys—
to the performance index in its tem or a surrounding frame (infilled
undamaged state for a specific perfor- frame) and that resists in-plane lateral
mance objective. Performance loss loads.
ranges from 0 to 1.0 and represents Structural Repairs that comprise supplemental
the fraction of seismic performance enhance- additions to, or removal and replace-
that was lost during a damaging earth- ments ment of existing damaged compo-
quake. nents. They also include the addition
Performance A goal consisting of a specific perfor- of ?ew comp?ner:ttshln tile s]:[ruc-tut.re
objective mance level for a building subject to not necessarily at the site o ,eX'S |.ng
specific seismic hazard damaged components. The intention
. _ o is to replace rather than restore struc-
Performance Actions that mlght. bg |mplementeo! tural properties of damaged compo-
restoration for a damaged building that result in nents.
measures future performance equivalent to that Structural Repairs that add q ¢
of the building in its pre-event state rug ura epalrs tha .a ress damage fo com-
for a specific performance objective repairs ponents to directly restore structural
These hypothetical repairs would properties
result in a restored performance index Upgrade The repair of structural components
equal to the performance index of the intended to improve the seismic per-
undamaged building. formance of a damaged building to a
Pre-existing Physical evidence of inelastic defor- Il;av.:adl.better than that of the pre-event
condition mation, damage, or deterioration of a uriding.
structural component that existed
before a damaging earthquake
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Symbols

dc Global displacement capacity for pre-event
structure for specified performance level

d: Global displacement capacity for damaged
structure for specified performance level

d’ Global displacement capacity for repaired
structure for specified performance level

dgq Global displacement demand for pre-event
structure for specified seismic hazard

Global displacement demand for damaged
structure for specified seismic hazard

Global displacement demand for repaired struc-
ture for specified seismic hazard

Maximum global displacement caused by a
damaging ground motion
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One of the primary purposes of Applied Technology mic analysis and design that was proposed by vari-
Council is to develop resource documents that translate  ous segments of the engineering profession.
and summarize useful information to practicing engi- Specific building designs, design procedures and

neers. This includes the development of guidelines and  parameter values were evaluated for future applica-
manuals, as well as the development of research recom- tion. Eleven existing buildings of varying dimen-
mendations for specific areas determined by the profes- sions were redesigned according to the procedures.

sion. ATC is not a code development organization, c-3: Th . isions for th I
although several of the ATC project reports serve as ATC-3: The reportTentative Provisions for the Devel-

resource documents for the development of codes, starfgPment of Seismic Regulations for BuildifgsC-3-
dards and specifications. 06), was funded by NSF and NBS. The second printing

of this report, which includes proposed amendments, is
Applied Technology Council conducts projects that available through the ATC office. (Published 1978,

meet the following criteria: amended 1982, 505 pages plus proposed amendments)
1. The primary audience or benefactor is the design ABSTRACT. The tentative provisions in this docu-
practitioner in structural engineering. ment represent the results of a concerted effort by a

multi-disciplinary team of 85 nationally recognized
2. Across section or consensus of engineering opinion experts in earthquake engineering. The provisions
is required to be obtained and presented by a neutral  gerye as the basis for the seismic provisions of the
source. 1988Uniform Building Codend the 1988 and sub-
sequent issues of tiNEHRP Recommended Provi-
sions for the Development of Seismic Regulation for
New Buildings The second printing of this docu-
A brief description of several major completed projects ment contains proposed amendments prepared by a
and reports is given in the following section. Funding joint committee of the Building Seismic Safety
for projects is obtained from government agencies and  Council (BSSC) and the NBS.
tax-deductible contributions from the private sector.

3. The project fosters the advancement of structural
engineering practice.

ATC-3-2: The project, Comparative Test Designs of
ATC-1: This project resulted in five papers that were Buildings Using ATC-3-06 Tentative Provisions, was
published as part @uilding Practices for Disaster funded by NSF. The project consisted of a study to
Mitigation, Building Science Series 4&roceedings ofa  develop and plan a program for making comparative
workshop sponsored by the National Science Founda- test designs of the ATC-3-06 Tentative Provisions. The
tion (NSF) and the National Bureau of Standards project report was written to be used by the Building
(NBS). Available through the National Technical Infor- Seismic Safety Council in its refinement of the ATC-3-
mation Service (NTIS), 5285 Port Royal Road, Spring- 06 Tentative Provisions.

field, VA 22151, as NTIS report No. COM-73-50188. ATC-3-4: The reportRedesign of Three Multistory

ATC-2: The reportAn Evaluation of a Response Spec- Buildings: A Comparison Using ATC-3-06 and 1982
trum Approach to Seismic Design of Buildingss Uniform Building Code Design Provisignsas pub-
funded by NSF and NBS and was conducted as part oflished under a grant from NSF. Available through the
the Cooperative Federal Program in Building Practices ATC office. (Published 1984, 112 pages)

for Disaster Mitigation. Available through the ATC

office. (Published 1974, 270 Pages) ABSTRACT. This report evaluates the cost and tech-

nical impact of using the 1978 ATC-3-06 report,
ABSTRACT. This study evaluated the applicability Tentative Provisions for the Development of Seismic
and cost of the response spectrum approach to seis- Regulations for Buildingsas amended by a joint
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committee of the Building Seismic Safety Council ATC-4-1: The reportThe Home Builders Guide for
and the National Bureau of Standards in 1982. TheEarthquake Desigrnwas published under a contract
evaluations are based on studies of three existing with HUD. Available through the ATC office. (Pub-
California buildings redesigned in accordance with lished 1980, 57 pages)

the ATC-3-06 Tentative Provisions and the 1982 hi : bridaed . f
Uniform Building Code Included in the report are ABSTRACT. This report is an abridged version o

recommendations to code implementing bodies. the ATC-4 report. The concise, easily understood
text of the Guide is supplemented with illustrations

ATC-3-5: This project, Assistance for First Phase of and 46 construction details. The details are pro-
ATC-3-06 Trial Design Program Being Conducted by vided to ensure that houses contain structural fea-
the Building Seismic Safety Council, was funded by the tures that are properly positioned, dimensioned and
Building Seismic Safety Council to provide the services constructed to resist earthquake forces. A brief

of the ATC Senior Consultant and other ATC personnel description is included on how earthquake forces
to assist the BSSC in the conduct of the first phase of its  impact on houses and some precautionary con-
Trial Design Program. The first phase provided for trial straints are given with respect to site selection and
designs conducted for buildings in Los Angeles, Seattle, architectural designs.

Phoenix, and Memphis.

ATC-5: The reportGuidelines for Seismic Design and

ATC-3-6: This project, Assistance for Second Phase of Construction of Single-Story Masonry Dwellings in
ATC-3-06 Trial Design Program Being Conducted by Seismic Zone,2vas developed under a contract with
the Building Seismic Safety Council, was funded by the HUD. Available through the ATC office. (Published
Building Seismic Safety Council to provide the services 1986, 38 pages)

of the ATC Senior Consultant and other ATC personnel i

to assist the BSSC in the conduct of the second phase of ABSTRACT. The report offers a concise methodol-
its Trial Design Program. The second phase provided ogy for the earthquake design and construction of

for trial designs conducted for buildings in New York, smgle—stqry masonry dwelll_ngs in Seismic Zone 2
Chicago, St. Louis, Charleston, and Fort Worth. of the United States, as defined by the 1978
form Building Code The Guidelines are based in
ATC-4: The reportA Methodology for Seismic Design part on shaking table tests of masonry construction
and Construction of Single-Family Dwellgvas pub- conducted at the University of California at Berke-

lished under a contract with the Department of Housing  ley Earthquake Engineering Research Center. The
and Urban Development (HUD). Available through the report is written in simple language and includes
ATC office. (Published 1976, 576 pages) basic house plans, wall evaluations, detail draw-

. ings, and material specifications.
ABSTRACT. This report presents the results of an

in-depth effort to develop design and construction ATC-6: The reportSeismic Design Guidelines for
details for single-family residences that minimize  Highway Bridgeswas published under a contract with
the potential economic loss and life-loss risk associthe Federal Highway Administration (FHWA). Avail-
ated with earthquakes. The report: (1) discusses able through the ATC office. (Published 1981, 210
the ways structures behave when subjected to seispages)

mic forces, (2) sets forth suggested design criteria
for conventional layouts of dwellings constructed

with conventional materials, (3) presents construc-  10Ns of a team of sixteen nationally recognized
tion details that do not require the designer to per- experts that included consulting engineers, academ-

form analytical calculations, (4) suggests ics, state and federal agency representatives from
procedures for efficient plan-checking, and (5) pre- thr(:)u%hout the IUnlted States. Tr?e Gwdeh_nesf_
sents recommendations including details and sched- €MPOdy several new concepts that were significant

ules for use in the field by construction personnel Icieﬁ)acrjtuc:e_s fLometh%n I§X|st|ng design provisions.
and building inspectors. ncluded in the Guidelines are an extensive com-

mentary, an example demonstrating the use of the

ABSTRACT. The Guidelines are the recommenda-
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Guidelines, and summary reports on 21 bridges published under a grant from NSF. Available
redesigned in accordance with the Guidelines. through the ATC office. (Published 1980, 302 pages)
The guidelines have been adopted by the Ameri-

can Association of Highway and Transportation ABSTRACT. The re_:port includes seven papers on
Officials as a guide specification. state-of-the-pra(_:tlce and two papers on regent
research. Also included are recommendations
ATC-6-1: The reportProceedings of a Workshop for future research that were developed by the 35
on Earthquake Resistance of Highway Bridgeas workshop participants.

published under a grant from NSF. Available

through the ATC office. (Published 1979, 625 pages)! C-8: This reportproceedings of a Workshop on
the Design of Prefabricated Concrete Buildings for

ABSTRACT. The report includes 23 state-of-the- Earthquake Loadswvas funded by NSF. Available

art and state-of-practice papers on earthquake through the ATC office. (Published 1981, 400 pages)
resistance of highway bridges. Seven of the _ i

twenty-three papers were authored by partici- ABSTRACT. The report !ncludes eighteen state-
pants from Japan, New Zealand and Portugal. of-the-art papers and six summary papers. Also
The Proceedings also contain recommendations ~ ncluded are recommendations for future

for future research that were developed by the 45 'éSearch that were developed by the 43 work-
workshop participants. shop participants.

ATC-6-2: The reportSeismic Retrofiting Guide- A1 C-9 The_reportAEj_EvaluatE)n ofkthe Imperial |
lines for Highway Bridgeswas published undera ~ COunty Services Building Earthquake Response an

contract with FHWA. Available through the ATC ~ Associated Dar.rllaglevak;s pUbrl]iSEed under a grantb
office. (Published 1983, 220 pages) f_rom NSF. Available through the ATC office. (Pub-
lished 1984, 231 pages)
ABSTRACT. The Guidelines are the recommen-

dations of a team of thirteen nationally recog- ABSTRACT. The report presents the results of an
nized experts that included consulting engineers,  N-depth _?(;{aluatlon of the I_mfperla(IjCounty Ser-
academics, state highway engineers, and federal vices Building, a 6—story.re.|n orced concrete
agency representatives. The Guidelines, appli- frame and shear wall building s_everely damqged
cable for use in all parts of the United States, by the October 15, 1979 Imperial Valley, Cali-
include a preliminary screening procedure, fornia, earth_quake. The report contains a review
methods for evaluating an existing bridge in Enqlld(_ava_luatlor? of eaghquallke _damagﬁ to the -
detail, and potential retrofitting measures for the uilding; a review and evaluation of the seismic
most common seismic deficiencies. Also _de5|gn;_a_compar|son of the requirements _of_var-
included are special design requirements for var- ious building codes as they relate to the building;
ious retrofitting measures and conclusions and recommendations pertain-
' ing to future building code provisions and future

ATC-7: The reportGuidelines for the Design of research needs.

Horizontal Wood Diaphragmsvas published under o L

a grant from NSF. Available through the ATC ATC-10: This reportAn Investigation of the Corre-

office. (Published 1981, 190 pages) lation Between Earthquake Ground Motion and

Building Performancewas funded by the U.S. Geo-
ABSTRACT. Guidelines are presented for design- logical Survey (USGS). Available through the ATC
ing roof and floor systems so these can function office. (Published 1982, 114 pages)
as horizontal diaphragms in a lateral force resist-

ing system. Analytical procedures, connection ABSTRACT. The report contains an in-depth ana-
details and design examples are included in the lytical evaluation of the ultimate or limit capac-
Guidelines ity of selected representative building framing
' types, a discussion of the factors affecting the
ATC-7-1: The reportProceedings of a Workshop seismic performance of buildings, and a sum-

of Design of Horizontal Wood Diaphragmsas
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mary and comparison of seismic design and seismic
risk parameters currently in widespread use.

ATC-10-1: This reportCritical Aspects of Earthquake

Ground Motion and Building Damage Potentialas
co-funded by the USGS and the NSF. Available
through the ATC office. (Published 1984, 259 pages)

ABSTRACT. This document contains 19 state-of-
the-art papers on ground motion, structural
response, and structural design issues presented by
prominent engineers and earth scientists in an ATC
seminar. The main theme of the papers is to iden-
tify the critical aspects of ground motion and build-
ing performance that currently are not being
considered in building design. The report also con-
tains conclusions and recommendations of working
groups convened after the Seminar.

ATC-11: The reportSeismic Resistance of Reinforced
Concrete Shear Walls and Frame Joints: Implications
of Recent Research for Design Enginearas pub-
lished under a grant from NSF. Available through the
ATC office. (Published 1983, 184 pages)

ABSTRACT. This document presents the results of

at a 3-day workshop in New Zealand attended by 16
U.S. and 35 New Zealand bridge design engineers
and researchers.

ATC-12-1: This reportProceedings of Second Joint
U.S.-New Zealand Workshop on Seismic Resistance of
Highway Bridgeswas published under a grant from
NSF. Available through the ATC office. (Published
1986, 272 pages)

ABSTRACT. This report contains written versions of
the papers presented at this 1985 Workshop as well
as a list and prioritization of workshop recommen-
dations. Included are summaries of research
projects being conducted in both countries as well
as state-of-the-practice papers on various aspects of
design practice. Topics discussed include bridge
design philosophy and loadings; design of columns,
footings, piles, abutments and retaining structures;
geotechnical aspects of foundation design; seismic
analysis techniques; seismic retrofitting; case stud-
ies using base isolation; strong-motion data acquisi-
tion and interpretation; and testing of bridge
components and bridge systems.

) ) : ATC-13: The reportEarthquake Damage Evaluation
an '”id?pth review and S_ynthe5|_s of research réportata for Californig was developed under a contract
pertaining to cyclic loading of reinforced concrete with the Federal Emergency Management Agency

shear walls and cyclic loading of joint reinforced  (zpp1AY - Available through the ATC office. (Published
concrete frames. More than 125 research reports 1985, 492 pages)

published since 1971 are reviewed and evaluated in
this report. The preparation of the report included a
consensus process involving numerous experienced
design professionals from throughout the United
States. The report contains reviews of current and
past design practices, summaries of research devel-
opments, and in-depth discussions of design impli-
cations of recent research results.

ATC-12: This reportComparison of United States and
New Zealand Seismic Design Practices for Highway
Bridges was published under a grant from NSF. Avail-

able through the ATC office. (Published 1982, 270
pages)

ABSTRACT. The report contains summaries of all
aspects and innovative design procedures used in
New Zealand as well as comparison of United
States and New Zealand design practice. Also
included are research recommendations developed

ABSTRACT. This report presents expert-opinion
earthquake damage and loss estimates for indus-
trial, commercial, residential, utility and transporta-
tion facilities in California. Included are damage
probability matrices for 78 classes of structures and
estimates of time required to restore damaged facil-
ities to pre-earthquake usability. The report also
describes the inventory information essential for
estimating economic losses and the methodology
used to develop loss estimates on a regional basis.

ATC-14: The reportEvaluating the Seismic Resistance
of Existing Buildingswas developed under a grant from
the NSF. Available through the ATC office. (Published
1987, 370 pages)

ABSTRACT. This report, written for practicing

structural engineers, describes a methodology for
performing preliminary and detailed building seis-
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ATC-15: The reportComparison of Seismic Design
Practices in the United States and Japaas published
under a grant from NSF. Available through the ATC
office. (Published 1984, 317 pages)

mic evaluations. The report contains a state-of-
practice review; seismic loading criteria; data col-
lection procedures; a detailed description of the
building classification system; preliminary and
detailed analysis procedures; and example case
studies, including nonstructural considerations.

including braced steel frame buildings, beam-col-
umn joints in reinforced concrete buildings, sum-
maries of comparative U. S. and Japanese design,
and base isolation and passive energy dissipation
devices.

ATC-15-3: The reportProceedings of Fourth U.S.-

ABSTRACT. The report contains detailed technical
papers describing design practices in the United
States and Japan as well as recommendations ema-
nating from a joint U.S.-Japan workshop held in
Hawaii in March, 1984. Included are detailed
descriptions of new seismic design methods for
buildings in Japan and case studies of the design of
specific buildings (in both countries). The report
also contains an overview of the history and objec-
tives of the Japan Structural Consultants Associa-
tion.

ATC-15-1: The reportProceedings of Second U.S.-
Japan Workshop on Improvement of Building Seismic
Design and Construction Practicesas published
under a grant from NSF. Available through the ATC
office. (Published 1987, 412 pages)

ABSTRACT. This report contains 23 technical

Japan Workshop on Improvement of Building Structural
Design and Construction Practicesas published

jointly by ATC and the Japan Structural Consultants
Association. Available through the ATC office. (Pub-
lished 1992, 484 pages)

ABSTRACT. This report contains 22 technical
papers presented at this Kailua-Kona, Hawaii,
workshop in August, 1990, by practitioners and
researchers from the United States, Japan, and Peru.
Included are papers on postearthquake building
damage assessment; acceptable earth-quake dam-
age; repair and retrofit of earthquake damaged
buildings; base-isolated buildings, including Archi-
tectural Institute of Japan recommendations for
design; active damping systems; wind-resistant
design; and summaries of working group conclu-
sions and recommendations.

ATC-15-4: The reportProceedings of Fifth U.S.-
Japan Workshop on Improvement of Building Structural
Design and Construction Practicesas published

jointly by ATC and the Japan Structural Consultants
Association. Available through the ATC office. (Pub-

papers presented at this San Francisco workshop "i'ished 1994, 360 pages)

August, 1986, by practitioners and researchers from
the U.S. and Japan. Included are state-of-the-prac-
tice papers and case studies of actual building
designs and information on regulatory, contractual,
and licensing issues.

ATC-15-2: The reportProceedings of Third U.S.-

Japan Workshop on Improvement of Building Structural

Design and Construction Practicesas published
jointly by ATC and the Japan Structural Consultants
Association. Available through the ATC office. (Pub-
lished 1989, 358 pages)

ABSTRACT. This report contains 20 technical

papers presented at this San Diego, California
workshop in September, 1992. Included are papers
on performance goals/acceptable damage in seismic
design; seismic design procedures and case studies;
construction influences on design; seismic isolation
and passive energy dissipation; design of irregular
structures; seismic evaluation, repair and upgrad-
ing; quality control for design and construction; and
summaries of working group discussions and rec-
ommendations.

ABSTRACT. This crjepor;_contsins 21 technicall hop i ATC-16: This project, Development of a 5-Year Plan
papers presented at this Tokyo, Japan, workshop I, geqycing the Earthquake Hazards Posed by Existing
July, 1988, by practitioners and researchers from e qeral Buildings, was funded by FEMA and was
the U.S., Japan, China, and New Zealand. InCI_Udectlonducted by a joint venture of ATC, the Building Seis-
are state-of-the-practice papers on various topics, e safety Council and the Earthquake Engineering
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Research Institute. The project involved a workshop inFederal Highway Administration. Available through the
Phoenix, Arizona, where approximately 50 earthquake ATC office. (Published 1997, 152 pages)
specialists met to identify the major tasks and goals for

reducing the earthquake hazards posed by existing non-
federal buildings nationwide. The plan was developed
on the basis of nine issue papers presented at the work-

shop and workshop working group discussions. The

Workshop Proceedings and Five-Year Plan are available
through the Federal Emergency Management Agency,

500 “C” Street, S.W., Washington, DC 20472.

ATC-17: This reportProceedings of a Seminar and

Workshop on Base Isolation and Passive Energy Dissi-

pation was published under a grant from NSF. Avail-
able through the ATC office. (Published 1986, 478

pages)

ABSTRACT. The report contains 42 papers describ-
ing the state-of-the-art and state-of-the-practice in

base-isolation and passive energy-dissipation tech-

ABSTRACT. This report documents the findings of a
4-year project to review and assess current seismic
design criteria for new highway construction. The
report addresses performance criteria, importance
classification, definitions of seismic hazard for
areas where damaging earthquakes have longer
return periods, design ground maotion, duration
effects, site effects, structural response modification
factors, ductility demand, design procedures, foun-
dation and abutment modeling, soil-structure inter-
action, seat widths, joint details and detailing
reinforced concrete for limited ductility in areas
with low-to-moderate seismic activity. The report
also provides lengthy discussion on future direc-
tions for code development and recommended
research and development topics.

nology. Included are papers describing case studieATC-19: The reportStructural Response Modification
in the United States, applications and developmentsFactorswas funded by NSF and NCEER. Available

worldwide, recent innovations in technology devel-
opment, and structural and ground motion issues.

Also included is a proposed 5-year research agenda

that addresses the following specific issues: (1)
strong ground motion; (2) design criteria; (3) mate-
rials, quality control, and long-term reliability; (4)
life cycle cost methodology; and (5) system
response.

ATC-17-1: This reportProceedings of a Seminar on
Seismic Isolation, Passive Energy Dissipation and
Active Controlwas published under a grant from NSF.
Available through the ATC office. (Published 1993, 841

pages)

ABSTRACT. The 2-volume report documents 70
technical papers presented during a two-day semi-
nar in San Francisco in early 1993. Included are
invited theme papers and competitively selected
papers on issues related to seismic isolation sys-
tems, passive energy dissipation systems, active
control systems and hybrid systems.

ATC-18: The reportSeismic Design Criteria for
Bridges and Other Highway Structures: Current and
Future, was published under a contract from the Multi-
disciplinary Center for Earthquake Engineering
Research (formerly NCEER), with funding from the

through the ATC office. (Published 1995, 70 pages)

ABSTRACT. This report addresses structural
response modification factors (R factors), which are
used to reduce the seismic forces associated with
elastic response to obtain design forces. The report
documents the basis for current R values, how R
factors are used for seismic design in other coun-
tries, a rational means for decomposing R into key
components, a framework (and methods) for evalu-
ating the key components of R, and the research
necessary to improve the reliability of engineered
construction designed using R factors.

ATC-20: The reportProcedures for Postearthquake
Safety Evaluation of Buildingsvas developed under a
contract from the California Office of Emergency Ser-
vices (OES), California Office of Statewide Health
Planning and Development (OSHPD) and FEMA.
Available through the ATC office (Published 1989, 152

pages)

ABSTRACT. This report provides procedures and
guidelines for making on-the-spot evaluations and
decisions regarding continued use and occupancy
of earthquake damaged buildings. Written specifi-
cally for volunteer structural engineers and building
inspectors, the report includes rapid and detailed
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evaluation procedures for inspecting buildings and a contract with FEMA. Available through the ATC
posting them as “inspected” (apparently safe), “lim- office. (Published 1993, 177 pages; 160 slides)

ited entry” or “unsafe”. Also included are special
procedures for evaluation of essential buildings

(e.g., hospitals), and evaluation procedures for non-

structural elements, and geotechnical hazards.

ATC-20-1: The reportField Manual: Postearthquake
Safety Evaluation of Buildingsas developed under a

contract from OES and OSHPD. Available through the

ATC office (Published 1989, 114 pages)

ABSTRACT. This report, a companion Field Manual

for the ATC-20 report, summarizes the
postearthquake safety evaluation procedures in

ABSTRACT. This training manual is intended to
facilitate the presentation of the contents of the
ATC-20 and ATC-20-1. The training materials con-
sist of 160 slides of photographs, schematic draw-
ings and textual information and a companion
training presentation narrative coordinated with the
slides. Topics covered include: posting system;
evaluation procedures; structural basics; wood
frame, masonry, concrete, and steel frame struc-
tures; nonstructural elements; geotechnical hazards;
hazardous materials; and field safety.

brief concise format designed for ease of use in theATC-21: The reportRapid Visual Screening of Build-

field.

ATC-20-2: The reportAddendum to the ATC-20
Postearthquake Building Safety Proceduness pub-
lished under a grant from the NSF and funded by the
USGS. Available through the ATC office. (Published
1995, 94 pages)

ABSTRACT. This report provides updated assess-

ment forms, placards, and procedures that are based

on an in-depth review and evaluation of the wide-
spread application of the ATC-20 procedures fol-
lowing five earthquakes occurring since the initial
release of the ATC-20 report in 1989.

ATC-20-3: The reportCase Studies in Rapid
Postearthquake Safety Evaluation of Buildingas

funded by ATC and R. P. Gallagher Associates. Avail-

able through the ATC office. (Published 1996, 295
pages)

ABSTRACT. This report contains 53 case studies

ings for Potential Seismic Hazards: A Handbowmks
developed under a contract from FEMA. Available
through the ATC office. (Published 1988, 185 pages)

ABSTRACT. This report describes a rapid visual
screening procedure for identifying those buildings
that might pose serious risk of loss of life and
injury, or of severe curtailment of community ser-
vices, in case of a damaging earthquake. The
screening procedure utilizes a methodology based
on a "sidewalk survey" approach that involves iden-
tification of the primary structural load resisting
system and building materials, and assignment of a
basic structural hazards score and performance
modification factors based on observed building
characteristics. Application of the methodology
identifies those buildings that are potentially haz-
ardous and should be analyzed in more detail by a
professional engineer experienced in seismic
design.

using the ATC-20 Rapid Evaluation procedure. ~ ATC-21-1: The reportRapid Visual Screening of

Each case study is illustrated with photos and Buildings for Potential Seismic Hazards: Supporting
describes how a building was inspected and evalu- Documentationwas developed under a contract from
ated for life safety, and includes a completed safetyFEMA. Available through the ATC office. (Published

assessment form and placard. The report is intended 988, 137 pages)

to be used as a training and reference manual for
building officials, building inspectors, civil and
structural engineers, architects, disaster workers,
and others who may be asked to perform safety
evaluations after an earthquake.

ATC-20-T: The reportPostearthquake Safety Evalua-
tion of Buildings Training Manuakas developed under

ABSTRACT. Included in this report are (1) a review
and evaluation of existing procedures; (2) a listing
of attributes considered ideal for a rapid visual
screening procedure; and (3) a technical discussion
of the recommended rapid visual screening proce-
dure that is documented in the ATC-21 report.
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ATC-21-2: The reportEarthquake Damaged Build- ATC-22-1: The reportSeismic Evaluation of Existing
ings: An Overview of Heavy Debris and Victim Extrica- Buildings: Supporting Documentatiowas developed

tion, was developed under a contract from FEMA. under a contract from FEMA. (Published 1989, 160

(Published 1988, 95 pages) pages)
ABSTRACT. Included in this report, a companion ABSTRACT. Included in this report, a companion
volume to the ATC-21 and ATC-21-1 reports, is volume to the ATC-22 report, are (1) a review and
state-of-the-art information on (1) the identification evaluation of existing buildings seismic evaluation
of those buildings that might collapse and trap vic- methodologies; (2) results from field tests of the
tims in debris or generate debris of such a size that  ATC-14 methodology; and (3) summaries of evalu-
its handling would require special or heavy lifting ations of ATC-14 conducted by the National Center
equipment; (2) guidance in identifying these types for Earthquake Engineering Research (State Uni-

of buildings, on the basis of their major exterior fea- versity of New York at Buffalo) and the City of San

tures, and (3) the types and life capacities of equip-  Francisco.

ment required to remove the heavy portion of the _

debris that might result from the collapse of such A1 C-23A: The reportGeneral Acute Care Hospital

buildings. Earthquake Sur\{lvablllty Inventory for California, Part
A: Survey Description, Summary of Results, Data Anal-

ATC-21-T: The reportRapid Visual Screening of ysis and Interpretationwas developed under a contract
Buildings for Potential Seismic Hazards Training Man- from the Office of Statewide Health Planning and
ual was developed under a contract with FEMA. Avail- Development (OSHPD), State of California. Available

able through the ATC office. (Published 1996, 135 through the ATC office. (Published 1991, 58 pages)
pages; 120 slides)

ABSTRACT. This report summarizes results from a

ABSTRACT: This training manual is intended to seismic survey of 490 California acute care hospi-
facilitate the presentation of the contents of the tals. Included are a description of the survey proce-
ATC-21 report. The training materials consist of dures and data collected, a summary of the data,
120 slides and a companion training presentation and an illustrative discussion of data analysis and
narrative coordinated with the slides. Topics cov- interpretation that has been provided to demonstrate
ered include: description of procedure, building potential applications of the ATC-23 database.

behavior, building types, building scores, occu- Th | ital
pancy and falling hazards, and implementation. ATC-23B: The rgportgenera Acute Care_Hos_plta
Earthquake Survivability Inventory for California, Part

ATC-22: The reportA Handbook for Seismic Evalua- B: Raw Datais a companion document to the ATC-
tion of Existing Building¢Preliminary), was developed 23A Report and was developed under the above-men-
under a contract from FEMA. Available through the  tioned contract from OSHPD. Available through the
ATC office. (Originally published in 1989; revised by = ATC office. (Published 1991, 377 pages)

BSSC and published as tNeEHRP Handbook for Seis- L _

mic Evaluation of Existing Buildings 1992, 211 ABSTRACT. Incluc_ied in thls_ report are tabulations
pages) of raw general site and building data for 490 acute

care hospitals in California.
ABSTRACT. This handbook provides a methodol- L . _
ogy for seismic evaluation of existing buildings of ATC-24: The reportGuidelines fOF.S-E‘ISFnIC Testing of
different types and occupancies in areas of differentCOmpPoNents of Steel Structyreas jointly funded by
seismicity throughout the United States. The meth—the Amerlcan Iron and Stegl Institute (AIS!)’ American
odology, which has been field tested in several pro_Instltute of Steel Co_nstru'ctlon (AISC), National Center
grams nationwide, utilizes the information and for Earthquake Engineering Research (NCEER), and
procedures developed for and documented in the NSF. Available through the ATC office. (Published
ATC-14 report. The handbook includes checklists, +992: 27 pages)
diagrams, and sketches designed to assist the user.
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ABSTRACT: This report provides guidance for most ABSTRACT:. This report identifies and provides reso-
cyclic experiments on components of steel struc- lutions for issues that will affect the development of
tures for the purpose of consistency in experimental  guidelines for the seismic strengthening of existing
procedures. The report contains recommendations buildings. Issues addressed include: implementa-

and companion commentary pertaining to loading tion and format, coordination with other efforts,
histories, presentation of test results, and other legal and political, social, economic, historic build-
aspects of experimentation. The recommendations ings, research and technology, seismicity and map-
are written specifically for experiments with slow ping, engineering philosophy and goals, issues
cyclic load application. related to the development of specific provisions,

L . and nonstructural element issues.
ATC-25: The reportSeismic Vulnerability and Impact

of Disruption of Lifelines in the Conterminous United ATC-29: The reportProceedings of a Seminar and
States, was developed under a contract from FEMA.  Workshop on Seismic Design and Performance of
Available through the ATC office. (Published 1991, 440 Equipment and Nonstructural Elements in Buildings
pages) and Industrial Structuresvas developed under a grant

din thi . ional from NCEER and NSF. Available through the ATC
ABSTRACT: Documented in this report is a national i (Published 1992, 470 pages)

overview of lifeline seismic vulnerability and

impact of disruption. Lifelines considered include ABSTRACT. These Proceedings contain 35 papers
electric systems, water systems, transportation sys-  describing state-of-the-art technical information
tems, gas and liquid fuel supply systems, and emer-  pertaining to the seismic design and performance of

gency service facilities (hospitals, fire and police equipment and nonstructural elements in buildings
stations). Vulnerability estimates and impacts and industrial structures. The papers were presented
developed are presented in terms of estimated first ~ at a seminar in Irvine, California in 1990. Included
approximation direct damage losses and indirect are papers describing current practice, codes and
economic losses. regulations; earthquake performance; analytical and

experimental investigations; development of new
seismic qualification methods; and research, prac-
tice, and code development needs for specific ele-
ments and systems. The report also includes a
summary of a proposed 5-year research agenda for
NCEER.

ATC-25-1: The reportA Model Methodology for
Assessment of Seismic Vulnerability and Impact of Dis-
ruption of Water Supply Systemgs developed under

a contract from FEMA. Available through the ATC
office. (Published 1992, 147 pages)

ABSTRACT. This report contains a practical method- ct+~_59.1: The reportProceedings Of Seminar On
ology for the detailed assessment of seismic VumerSeismic besign Retrofit. And Performance Of Non-
ability and impact of disruption of water supply g4\ ctyral Componentsvas developed under a grant

systems. The methodology has been designed for from NCEER and NSF. Available through the ATC
use by water system operators. Application of the office. (Published 1998, 518 pages)
methodology enables the user to develop estimates ' '

of direct damage to system components and the ABSTRACT. These Proceedings contain 38 papers
time required to restore damaged facilities to pre- presenting current research, practice, and informed
earthquake usability. Suggested measures for miti- thinking pertinent to seismic design, retrofit, and
gation of seismic hazards are also provided. performance of nonstructural components. The

papers were presented at a seminar in San Fran-
cisco, California, in 1998. Included are papers
describing observed performance in recent earth-
guakes; seismic design codes, standards, and proce-
dures for commercial and institutional buildings;
seismic design issues relating to industrial and haz-
ardous material facilities; design, analysis, and test-

ATC-28: The reportpevelopment of Recommended
Guidelines for Seismic Strengthening of Existing Build-
ings, Phase I: Issues Identification and Resolytizas
developed under a contract with FEMA. Available
through the ATC office. (Published 1992, 150 pages)
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ing; and seismic evaluation and rehabilitation of
conventional and essential facilities, including hos-

of Caltrans-designed bridges in the 1989 Loma Pri-
eta and other recent California earthquakes.

pitals. . .
ATC-34: The reportA Critical Review of Current

ATC-30: The reportProceedings of Workshop for Uti- Approaches to Earthquake Resistant Desigas devel-
lization of Research on Engineering and Socioeconomicoped under a grant from NCEER and NSF. Available
Aspects of 1985 Chile and Mexico Earthquakess through the ATC office. (Published, 1995, 94 pages)
developed under a grant from the NSF. Available

through the ATC office. (Published 1991, 113 pages) ABSTRACT. This report documents the history of U.

S. codes and standards of practice, focusing prima-
rily on the strengths and deficiencies of current
code approaches. Issues addressed include: seismic
hazard analysis, earthquake collateral hazards, per-
formance objectives, redundancy and configura-
tion, response modification factoiR factors),
simplified analysis procedures, modeling of struc-
tural components, foundation design, nonstructural
component design, and risk and reliability. The
report also identifies goals that a new seismic code
should achieve.

ABSTRACT: This report documents the findings of a
1990 technology transfer workshop in San Diego,
California, co-sponsored by ATC and the Earth-
guake Engineering Research Institute. Included in
the report are invited papers and working group rec-
ommendations on geotechnical issues, structural
response issues, architectural and urban design con-
siderations, emergency response planning, search
and rescue, and reconstruction policy issues.

ATC-31: The reportEvaluation of the Performance of

Seismically Retrofitted Buildingaas developed under ATC-35: This reportEnhancing the Transfer of U.S.

a contract from the National Institute of Standards and Geological Survey Research Results into Engineering
Technology (NIST, formerly NBS) and funded by the  Practicewas developed under a contract with the
USGS. Available through the ATC office. (Published USGS. Available through the ATC office. (Published
1992, 75 pages) 1996, 120 pages)

ABSTRACT: This report summarizes the results from
an investigation of the effectiveness of 229 seismi-

ABSTRACT. The report provides a program of rec-
ommended “technology transfer” activities for the

cally retrofitted buildings, primarily unreinforced
masonry and concrete tilt-up buildings. All build-
ings were located in the areas affected by the 1987
Whittier Narrows, California, and 1989 Loma Pri-

USGS; included are recommendations pertaining to
management actions, communications with practic-
ing engineers, and research activities to enhance
development and transfer of information that is

eta, California, earthquakes. vital to engineering practice.

ATC-32: The reportmproved Seismic Design Criteria ATC-35-1. The reportProceedings of Seminar on New
for California Bridges: Provisional Recommendations, Developments in Earthquake Ground Motion Estima-
was funded by the California Department of Transpor- tion and Implications for Engineering Design Practice

tation (Caltrans). Available through the ATC office.
(Published 1996, 215 Pages)

was developed under a cooperative agreement with
USGS. Available through the ATC office. (Published

1994, 478 pages)

ABSTRACT: This report provides recommended
revisions to the curre@altrans Bridge Design
SpecificationgBDS) pertaining to seismic loading,
structural response analysis, and component design.
Special attention is given to design issues related to
reinforced concrete components, steel components,
foundations, and conventional bearings. The rec-
ommendations are based on recent research in the
field of bridge seismic design and the performance

ABSTRACT. These Proceedings contain 22 technical
papers describing state-of-the-art information on
regional earthquake risk (focused on five specific
regions--California, Pacific Northwest, Central
United States, and northeastern North America);
new techniques for estimating strong ground
motions as a function of earthquake source, travel
path, and site parameters; and new developments
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specifically applicable to geotechnical engineer-
ing and the seismic design of buildings and
bridges.

ern States Seismic Policy Council “Overall
Excellence and New Technology Award.”

ATC-44: The reportHurricane Fran, South Caro-
ATC-37: The reportReview of Seismic Research lina, September 5, 1996: Reconnaissance Rejgort
Results on Existing Buildingsras developed in con- available through the ATC office. (Published 1997,
junction with the Structural Engineers Association of 36 pages.)
California and California Universities for Research
in Earthquake Engineering under a contract from the
California Seismic Safety Commission (SSC). Avail-
able through the Seismic Safety Commission as
Report SSC 94-03. (Published, 1994, 492 pages)

ABSTRACT: This report represents ATC’s
expanded mandate into structural engineering
problems arising from wind storms and coastal
flooding. It contains information on the causative
hurricane; coastal impacts, including storm

ABSTRACT. This report describes the state of
knowledge of the earthquake performance of
nonductile concrete frame, shear wall, and
infilled buildings. Included are summaries of 90

recent research efforts with key results and con-
clusions in a simple, easy-to-access format writ-

ten for practicing design professionals.

surge, waves, structural forces and erosion;
building codes; observations and interpretations
of damage; and lifeline performance. Conclu-
sions address man-made beach nourishment, the
effects of missile-like debris, breaches in the
sandy barrier islands, and the timing and duration
of such investigations.

ATC-40: The reportSeismic Evaluation and Retro- ATC-R-1: The reportCyclic Testing of Narrow Ply-
fit of Concrete Buildingsvas developed under a con- wood Shear Wallsyas developed with funding from

tract from the California Seismic Safety
Commission. Available through the ATC office.
(Published, 1996, 612 pages)

the Henry J. Degenkolb Memorial Endowment Fund
of the Applied Technology Council. Available
through the ATC office (Published 1995, 64 pages)

ABSTRACT. This 2-volume report provides a
state-of-the-art methodology for the seismic
evaluation and retrofit of concrete buildings.
Specific guidance is provided on the following

topics: performance objectives; seismic hazard;

determination of deficiencies; retrofit strategies;
guality assurance procedures; nonlinear static

analysis procedures; modeling rules; foundation
effects; response limits; and nonstructural com-
ponents. In 1997 this report received the West-

ABSTRACT. This report documents ATC's first
self-directed research program: a series of static
and dynamic tests of narrow plywood wall pan-
els having the standard 3.5-to-1 height-to-width
ratio and anchored to the sill plate using typical
bolted, 9-inch, 5000-Ib. capacity hold-down
devices. The report provides a description of the
testing program and a summary of results,
including comparisons of drift ratios found dur-
ing testing with those specified in the seismic
provisions of the 199WUniform Building Code
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